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ABSTRACT 
A new dimensionless correlation for the prediction of thermal 
contact resistance between similar metal surfaces in a vacuum environ- 
ment has been developed in terms of known engineering measurements. 
This expression was formulated from the results of an experimental 
investigation using aluminum, brass, stainless steel, and magnesium, 
with a wide range of test variables. 
The dimensionless parameters for this expression correlated 
the experimental data of this investigation And published data within 
an average overall nns error of 24 percent or less for most of the 
data. 
-250°F to 500"F, apparent interface pressures of 10 to 7,000 psi, 
surface flatness deviations of 15 to 4,500 microinches, and surface 
roughnesses of 3 to 120 Eicroinches. 
These experimental data included mean junction temperatures of 
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CHAPTER I 
INTRODUCTION 
Energy transfer in solid materials has been studied both 
theoretically and experimentally for many years. 
have resulted in the development of techniques for the prediction 
of heat transfer in solids. In contrast, however, similar studies 
have produced few established techniques for the prediction o f  
energy transfer between contacting solid materials. 
These studies 
That resistance to heat transfer exists between contacting 
solids has long been acknowledged. This thermal resistance varies 
considerably, depending upon the mechanical and thermophysical 
properties of the materials composing the contact, the surface 
conditions, and the interstitial fluid or filler. In addition to 
these variables, the mechanics of the contact also effect the heat 
transfer. When two surfaces are held together under pressure, the 
effective contact area is composed of many small points which con- 
stitute only a fraction of the total surface area. 
microscopic section of this contact area, the modes of heat transfer 
across the interface would be: 
Considering a 
( I . )  
(2) Gaseous, molecular, or other conduction through t h e  
Solid conduction through the effective contact area; 
interstitial fluid or filler; and 
(3)  Thermal radiation. 
2 
The thermal contact conductance is defined as: 
q/A h =  
T1 - T2 C 
where T 
contact gap, and q/A is the heat flux per unit area. 
and T2 are the temperatures of the bounding surfaces of the 1 
The contact 
resistance would then be defined as: 
T1 - T2 - R c = ~ -1 
Q C 
where 
1 
- + - + -  
r R 
- 
Rc - 1 1 1 
R Rf S 
(1-3) 
and 
R = resistance due to solid conduction, 
Rf = resistance due to interstitial substance 
S 
conduction or convection, 
= resistance due to radiation. Rf 
In order t o  make a complete theoretical study of the problem of 
contact conductance, each mode of energy transfer should be considered. 
. A vacuum environment minimizes the resistance clue to energy transfer 
by the interstitial fluid. 
tween the contacting surfaces is usually negligible, the primary con- 
tribution to the contact resistance would be due to solid conduction. 
Since the conductance due to radiation be- 
Hence, an investigation conducted in a vacuum environment would permic 
the experimental contact resistance results to be analyzed in terms of 
conduction through the contact region alone. 
The need for thermal contact conductance values has led to a 
number of analytical and experimental investigations, as evidence by 
3 
* 
t h e  b ib l iographies  of Atkins [9]  , Gex [40] ,  and Vidoni [80]. I n  
add i t ion ,  c r i t i c a l  reviews of the  -status of experimental  and a n a l y t i c a l  
developments i n  the  area of heat  t r a n s f e r  ac ross  i n t e r f a c e s  i n  contact  
have been presented by Hudack [47] ,  Mlnges [58] ,  and Thomas and Prober t  
[76]. I n  s p i t e  of a l l  t h e  published work, however, t h e r e  have been 
r e l a t i v e l y  few at tempts  a t  c o r r e l a t i o n  of t h e  e x i s t i n g  experimental  d a t a  
o r  a t  p red ic t ion  of contact  conductance. 
The f e w  i n v e s t i g a t o r s  who have attempted such p r e d i c t i o n  have had 
t o  r e s o r t  t o  mathematical and phys ica l  models combined wi th  experimental  
procedures t o  determine a c t u a l  conductance values .  The analyses  o f  
Clausing and Chao [19, 201 and Fenech and Rohsenow [31, 321 have m e t  
wi th  some success ,  y e t  t h e i r  equat ions,  using s p e c i f i c  cons t an t s ,  have 
a very l imi t ed  range of v a l i d i t y .  These and o t h e r  t h e o r i e s  w i l l  b e  
analyzed and compared wi th  experimental  d a t a  i n  a la ter  s e c t i o n  of 
t h i s  work. 
The ob jec t ive  of t h e  present  s tudy  was t o  develop a general ized 
expression f o r  t h e  p red ic t ion  of contac t  conductance va lues  i n  a 
vacuum. This r e l a t i o n s h i p  was developed i n  terms of known o r  e a s i l y  
determined physical  p rope r t i e s  f o r  similar metallic su r faces  i n  con- 
tdct .  Experimental d a t a  were obtained i n  a vacuum environment f o r  
s e v e r a l  test materials over  a wide range of j unc t ion  temperatures 
and loads.  These d a t a  were analyzed and used t o  determine t h e  necessary 
* Numbers i n  bracke ts  des igna te  re ferences  c i t e d  i n  the  bibl iography.  
4 
empir ical  constants  f o r  t h e  general ized equation. Previously pcb- 
l i shed  experimental d a t a  were a l s o  analyzed and compared wi th  t h e  
pred ic ted  r e s u l t s .  
The newly developed equat ion w a s  then compared wi th  two of t h e  
more recent  analyses  of contac t  conductance. I t  appears  t h a t  t h e  
present  expression more accura t e ly  p r e d i c t s  coritact conductance over  
a wider range of condi t ions.  Furthermore, t h e  dimensionless para- 
meters developed he re in  permit good c o r r e l a t i o n  of a l a r g e  amount of 
published conductance da ta .  
CHAPTER I1 
REVIEW OF PUBLISHED THEORETICAL ANALYSES AND 
EXPERIMENTAL INVESTIGATIONS 
One gf the first expressions for the thermal conductance between 
contacting surfaces was developed by Kottler ;52] in 1927. He drew 
upon the electrical analogy of the constriction resistance for a 
single contact and extended this for multiple contacts. 
empirical correlations have been developed for contact conductance 
as a function of applied lozd [b,  16, 44,  461; other correlations 
are slightly more complex and include material properties and surface 
conditions. 
experimental contact conductance data with theory, very few of these 
theories have been found suitable for predlction of conductance values 
at conditions other than those on which they are based. 
which resulted in some successful correlations between analytical 
studies and experir,ental data are presented and analyzed here. 
lished experimental data are also analyzed for comparison with the 
more successful theories. 
to establish criteria for an equation to predict thermal contact 
conductance. 
Simplified 
Although there have been many attempts to correlate 
The theories 
Pub- 
The results of these comparisons are used 
1. PRESENTATION OF THEORIES 
A majority of the analytical studies of contact resistance 
6 
originate with heat flow through a single idealized contact. 
analyses are then expanded in a number of ways to include real contact 
situations with multiple contacts. 
associateu with the basic single contact model are presented here for 
comparison. The mathematical models and assumptions employed in some 
of the more important experimental-analytical investigations are then 
developed in a consistent nomenclature with discussion of their appli- 
cations and restrictions. 
These 
The contact resistance solutions 
Resistance of a Single Contact -- 
The contact or constriction resistance induced in an electrical 
conductor exhibiting a discontinuous reduction in cross section was 
originally solved by Kottler [52] using the classical electrical 
analogy. The flux lines were approximated by hyperbolic curves in 
the contacting samples, thus defining eliptical isotherms. The 
resultin:, constriction resistance was given as: 
1 R = -  
C 2 ka 
Clark and Powell [18] derived the constriction resistance 
equaticl. by considering heat flow between two semi-infinite regions 
in contact: at a pcirt of radius a. 
appbjirig transform techniques to the Lsplacian, resulted in a t m p -  
erature field that could be used in the basic contect resistance 
definition, equation (1-1). The resulting equation was given as: 
Their solution, obtained by 
1 
C = 2 $ a  
Their results were then reduced to the form of the constriction 
resistance given in equation (2-1), by assuming that the electrical 
resistivity can be rep. iced by the reciprxal thermal conductivity. 
Holm (461 extended the work of Kottler and proved that equation 
(2-1) may be derived for a constant heat flux conditicn. That is: 
1 
n k h a  R =  C (2-3) 
T h i s  solution was coupled with the assumption that the maximum 
centerline temperatures best represented the axial temperature 
profile. 
The total constriction resistance for a singular isothermal 
contact spot at the center of the apparent contact area was fcund 
by Roess I641 to be: 
R = g(') 
2a %I C 
where 
3 g(C) = 1 - 1.40925C + 0.79591CC + 0.0525419C' 
7 9 + 0.0210497C + 0.0110752C + . . 
(2-4a) 
(2-4t) 
and C is the constriction number. This solution was developed cn 
the basis of a constailt potential for either finite or infinite 
length cylinders with an isothermal interface area. 
The total constriction resistance of Roess was modified by 
Jeng [Sl] to include the number of contact spots. The constriction 
resistance was then written as: 
8 
where 1 is a geometrical modification factor dependent upon the 
physical geometry of the contacting surfaces. For fixed value, of 
C, the constant ?. was determined as 0.47 by simulating the contact 
geometry with an electrolytic tank. 
For the li-iting case of a single contact, all of the ajove 
resistance expressions reduce to: 
(2-6) 
1 
B k  a 
h 
R =  
C 
where B is a function of C. This single contact model served as 
a basis for the metallic conduction component of the contact resist- 
ance i n  most of the following experimental-analytical theories. 
Cetinkale - and Fishenden 
One of the first analytical studies cf thermal contact conduct- 
ance was presented by Cetinkale and Fishenden E171 in their extension 
cf the single contact model using Southwell's relaxation technique. 
The authors assumed that if tw9 parallel, relatively smooth surfaces 
were held together under pressure, the points of actual physical 
contact would be uniformly distributed over the contact interface. 
They also assumed that at some distance from the interface, the lines 
of heat flux would be parallel, converging toward the contact points 
as the interface was approached. 
conductivity of the surrounding fluid would be much less than the 
metallic specimens. 
spot dould form an icaginary elenentary cylinder as shown in Figure 
2-1. 
This would occur because the thermal 
The lines of heat flux convzrging to m e  contact 
The ratio of the fluid thickness to the elementary cylinder 
9 
diameter is quite small, hence radial beat flow through the fluid may 
be neglected. 
The model for analytical study, then, was assumed to be a 
cylindrical column of radius b, with a centrally placed circular 
spot of radius a surrounded by a fluid of thickness 6 as shown 
in Figure 2-2. 
with radial. symmetry, the protuberances of the contact spots were 
assumed proportional to the thermal conductivity ratios k /(kl + k2) 
and kl/(kl + k2). With these boundary conditions, it was possible 
to use relaxation techniques to determine a steady state temperature 
solution to the Laplace equation. The heat transfer through the 
contact spot was determined by subtracting the heat transfer through 
the  f l u i d  from the total heat transfer, which was calculated by using 
the temperature gradient at some distance from the interface. The 
dividing flow line in Figure 2-3 represents the separation point for 
heat flow through the contact and heat flow through the fluid. 
CF ’ 
In order to assume an isothermal contact surface 
2 
Cetinkale and Fishenden specify one of the isotherms found by 
the relaxation technique, the no-contact isotherm, to be coincident 
with the plane of the interface if no gsp exists between the solids. 
The difference between this isotherm and the plan: of the interface, 
as shown in Ffsure 2-3, would yield the temperature drop caused by 
the contact. The therual contact resistance was then calculated from 
the heat flux through the interface spot and fluid, and the tempera- 
ture drop caused by the contact. 
As a result of their analysis of this simplified contact model, 
10 
Surface 1 
Figure 2 -1. Flux F i e l d  Distribution at an Interfa 
I, 2b d 
.ce . 
b 
Figilre 2-7. Elementary Contact Element. 
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/-' Dividing Flow Line 
I r rd 
I 
I 
Figure 2-3. Flux-Potential Distribution for a 
Single Contact. 
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the thermal contact conductance is given as the sum of the condxt- 
ance for the interstitial flxid and the conductance through the 
metallic contact points. Treating the resistances fn parallel, the 
total contact conductance was given as; 
- a  
a 
2 
h = -  ' +  
b Tan-' (rd ) C &CF 
where 1: is the radius of the 2ividing heat flow line. The results 
for the solid resistance would then be: 
d 
r 
Tan-' ( - a) 1 R =  a h C lrak 
By permitting (rd - a) to approach infinity, the equation reduces to 
the basic constriction resistance as follows: 
1 - a  
2 k h a  R =  (rd-a)* Lim
{ 71 a 1 k Tan-' (rd ) 1 2 a h C 
This result is identical with the contact resistance for a single 
contact uith constant heat flux boundary conditions developed by 
Clark & Powell, i . e .  equation (2-2). 
A more useful relationship for the coqductance may be developed 
by eliminating r from equation (2-7). The 
expression includes the conductivity of the 
d resulting conductance 
interstitial- fluid: 
- 1) -1 b 
h = -  kf " % I  
n +  b 2 T T  
c CF a 
" CF C 
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This same relation in non-dimensional terms is given as: 
U =  
where U =  
C =  
K =  
B =  
hc6CF Conductance Number = 
kf 
a Constriction Number = - b 
Conductivity Number = - kf 
kh 
6CF 
=b Fluid Thickness Number 
An experimental investigation was conducted by Cetinkale and 
Fishenden at atmospheric conditions using steel, brass, and alumi- 
num specimens with ground surfaces and varying degrees of roughness. 
Air, spindle oil, and glycerol were used as interstitial fluids. 
The authors stated that the conductance for smooth contacts can be 
estimated with sufficient accuracy for practical purposes using 
their equation. 
tion for contacts of surfaces with other types of finish, it would 
be necessary to determine the appropriate constants either experi- 
mentally or otherwise. 
They also indicate that in order to use their equa- 
Determination of the equivalent fluid conductivity for the 
Conductance Number proves to be quite difficult. For an inter- 
stitial gas, if the gap height is large compared to the mean free 
path of the gas particles, and the temperature is l o w  enough, there 
will be no lack of accommodation at the surfaces. The conductivity 
of t h e  equivalent fl:iid may then he considered as  t h e  normal tempera- 
ture-dependent conduct ivi ty .  A t  low vacuum pressures ,  on the  order 
of 10' Torr, t he  condcc t iv i ty  of the  i n t e r s t i t i 7 . 1  gas would be 
extremely small and may be considered negl ig ib le .  
For contact ing su r faces  of t h e  same material, the  harmonic 
mean thermal conduct ivi ty  of t h e  s c l i d  would be: 
= kl = k2 kl k2 ' h '  (kl + k,) c
Hence, t h e  Conductivity Number would range from a very small number 
t o  a neg l ig ib l e  term t o r  vacuum conditions.  
The Cons t r ic t ion  Number, a /b ,  is equivalent t o  t h e  square root  of 
t h e  contact  area ratio. That is: 
The Cons t r ic t ion  Number may a l s o  be r e l a t e d  t o  t h e  pressure a t  the  
i n t e r f a c e  and t h e  Meyer hardness, which is the  average r e s i s t ance  
per u n i t  area aga ins t  indentat ion.  Since the  s o f t e r  of t h e  two 
metals w i l l  flow p l a s t i c a l l y  as pressure is appl ied,  u n t i l  t h e  mean 
s o l i d  spot  pressure is equal t o  ihe  Meyer hardness, t h e  r e s u l t i n g  
s u b s t i t u t i o n  is: 
-$E!- f o r  p l a s t i c  flow. c  
% 
For smaller pressures ,  t h e  metallic flow would be e las t ic  and t h e  
area of t h e  s o l i d  spots would be given by Hertz 's  equation [ 7 7 ] .  
The r e s u l t i n g  s u b s t i t u t i o n  would then be: 
15 
-d &3 p2/3)  
c =  max f o r  e las t ic  flow. 
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It was found t h a t  t he  hardness of a metal would decrease with the  
t i m e  of app l i ca t ion  of t he  test load, although a t  a cont inua l ly  
decreasing ratc u n t i l  a new l i m i t  is reached. It  w a s  a l s o  noted 
t h a t  t he  temperature would e f f e c t  t h e  rate of hardness change; thus 
d e t a i l e d  information would be required f o r  each type of metal t e s t ed .  
The Fluid Thickness Number, - 'CF , is composed of two va r i ab le s  
b 
not r ead i ly  ava i lab le .  Cetinkale and Fishenden spec i fy  6 as a 
constant independent of pressure up t o  800 p s i .  A t  f u r t h e r  increased 
pressure,  t h e  e f f e c t s  of any change i n  on t h e  contact  conductance 
d would be very small. 
f o r  t h e  case of no heat t r a n s f e r  across  the  i n t e r s t i t i a l  f l u i d  and 
The r ad ius  of t h e  elementary cy l inder  w a s  I: 
b f o r  t h e  case including heat  t r ans fe r  through the  i n t e r s t i t i a l  f l u i d .  
These r a d i i  were assumed t o  depend upon the Cons t r ic t ion  Number and 
t h e  wave length of t he  roughness devia t ion  of both sur faces .  Cetin- 
kale s t a t e d  t h a t  dimensional a n a l y s i s  and r e s u l t s  of t h e i r  experi- 
mental i nves t iga t ion  l ed  t o  t h e  following r e l a t ionsh ip  f o r  b: 
b = 0.0048 (FD1 + FD,)C 
L. 
A t  zero pressure,  t h e  equivalent gap dimension was then de ter -  
mined by assuming: 
This BCF would be equivalent t o  t h e  d i s t ance  between geometrically 
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smooth p a r a l l e l  
be approximated 
planes.  For t h e i r  experimental  r e s u l t s ,  6,, could 
by t h e  r e l a t ionsh ip :  
= 0.61 (RD1 + RD2) 
The va lues  f o r  both b and 6CF were found t o  be independent of t h e  
na tu re  of t h e  metallic specimens and t h e  i n t e i s t i t i a l  f l u i d s .  
The Conductance Number, U,  v a r i e s  widely depending upon t h e  
i n t e r s t i t i a l  f l u i d  th ickness  and conduct ivi ty .  It also depends upon 
t h e  r a d i u s  of t h e  elementary c y l h d e r  and t h e  contac t  area r a t i o .  
Thus t h e  Conductance Number, o r  t h e  dimensionless contac t  conductance, 
is  more complex than t h e  bas i c  equat ion f o r  contac t  conductance. 
I n  order  t o  a s c e r t a i n  t h e  p r a c t i c a l  usefu lness  of t h e  empir ica l  
r e l a t i o n  presented by Cet inkale  and Fishenden, an  at tempt  was made t o  
c o r r e l a t e  c u r r e n t l y  a v a i l a b l e  experimental  d a t a  and determine t h e  
appropr ia te  cons tan ts  t o  p r e d i c t  contac t  conductance values .  
a n a l y s i s  m e t  wi th  l i t t l e  success  f o r  experimental d a t a  a t  vacuun 
condi t ions  
This 
It i s  d i f f i c u l t  t o  assess t h e  v a l i d i t y  of an  empir ica l  r e l a t i o n -  
s h i p  without access t o  t h e  experimental  d a t a  from which it  was form- 
u l a t ed .  There seems t o  be l i t t l e  foundation f o r  t h e  assumption t h a t  
t h e  f i l m  thickness  is independent of pressure.  For experimental  
tests a t  atmospheric condi t ions  with i n t e r s t i t i a l  f l u i d s ,  a f i l m  
th ickness  independent of pressure  pay have been s a t i s f a c t o r y ;  how- 
ever ,  when extended t o  a vacuum environment, t h e  f i l m  thickness  o r  
su r face  gap parameter appears t o  be pressure  dependent. 
as w i l l  be  shown la ter ,  t h e  no-laad conductance is not necessa r i ly  the 
Furthermore, 
1 7  
t r u e  flqiid conductance, and t h i s  assumption could r e s u l t  i n  sub- 
starrt ial  e r r o r s .  A f i n i t e  s o l i d  contact  may s t i l l  remain a t  no-load 
conditioiis ,  which would con t r ibu te  t o  t h e  no-load conductance along 
with the  r ad ia t ion  t r a n s f e r .  Only when t h e  contac t ing  su r faces  are 
s l i g h t l y  separared can the irue I l u i d  corrciuctance be deLeruliiieJ. 
Tachibana 
Another analytical-experimental  treatment was advanced by 
Tachibana [74], i n  which t h e  combined thermal contac t  resistar$ce of 
t h e  s o l i d  contact  and i n t e r s t i t i a l  f l u i d  w a s  expressed as an equi- 
va l en t  length  of material. Although d i f f e r e n t  contac t  condi t ions 
woula be  c rea ted  every t i m e  a contact  of  two su r faces  was made, t h e  
author  assumed t h a t  t h e  su r face  could b e  represented by a r egu la r ly  
or ien ted  series of peaks and va i i eys .  More peaks were allowed t o  
come i n t o  contact  as t h e  i n t e r f a c e  pressure  was' increased,  l imi ted  
t o  the  po in t  a t  which p l a s t i c  flow would occur. h c o n d l y ,  he  assumed 
t h a t  t h e  hea t  f l u x  l i n e s  across  t h e  gaps caused by t h e  va l l eys  were 
p a r a l l e l ,  permit t ing t h e  ana lys i s  t o  t reat  t h e  r e s i s t a n c e  as inde- 
pendent of t he  shapes of t he  i r r e g u l a r i t i e s .  
These preceding assumptions allowed development of a mul t ip le  
contact  model similar t o  t h e  s i n g l e  contact  model, as shown i n  
Figures 2-4  and 2-5. Several  d i f f e r e n t  su r f ace  length parameters 
are def ined as a r e s u l t  of t h i s  model, assuming a s u f f i c i e n t  number 
Figure 2-4. Microscopic View of Contact Interface. 
Figure 2-5. Multiple Contact Model 
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of pro t rus ions  e x i s t  i n  a u n i t  length of surface.  
duction was assumed t o  be p r o p o r t i m a l  t o  the  r a t i o  of thc. e f f e c t i v e  
gap width and the gas conduc-ivity. 
The gaseous con- 
Tachibana suggested t h a t  the  thermal contact  r e s i s t a n c e  could be 
represented by an  equivalent length of material. 
length,  when soldered 3etween t h e  interf;:e sur faces ,  would r e s u l t  
i n  the. same res i s t ance  a t  the  o r i g i n a l  contact .  
ance mul t ip l ied  by a harmonic mean thermal cc.-,ductivity of t he  
metallic specimens and by t h e  a?parent contact  area would be the 
This equivalent 
The contact  resist- 
equivalent length;  t h a t  is: 
kh L = A a P c \ =  - 
C 
h 
Thus, the  r e s u l t i n g  expression fo r  equivalent length  i n  terms of 
material p rope r t i e s  and test  condi t ions would be: 
k A 
- 8 k  A 6T k (2-10) 
1 + -- 1 C 1 kf -1 
S 
1 
L 
- - =  
6 + 6 R  T S 
where 3 is t h e  average of 6 and 62, and 6k is a s m a l l  length 
co r rec t ion  f o r  any a d d i t i o n a l  r e s i s t a n c e  wkich might occur due t o  
T 1 
oxides on the  metallic contact  surface.  
The p r inc ip l e  purpGse sf Tachibana's research program was t o  
determine the  e f f e c t s  of sur face  f in i shes .  Tests were conducted a t  
atmospheric condi t ions with gun-metal specimens f o r  t h ree  d t f f e r e n t  
degrees of sur face  f i n i s h .  A i r ,  o i l ,  and paraf-f.n were used as 
i n t e r s t i t i a l  f luicls. Resul ts  of t h e  experimerltal i nves t iga t ion  
sllowed s impl i f i ca t ion  of equation ;2-10), s ince  the  conduct ivi ty  
20 
r a t i o  f o r  o i l  and a i r - f i l l e d  gaps raqged from 
r e s u l t i n g  expression f o r  equivalent  lengt., -qould be: 
t o  low3. The 
(2-11) C 1 kf 
A 
) r+ -- 1 1 L 
8 
( 'T ' 'f, t % k - =  
The r e s i s t ance  t o  s o l i d  conductioa may then be w r i t t e n  i n  t h e  form: 
6T + 
k n a  h 
R =  2 
C 
As t h e  sur faces  become smoother, (6, + d a )  will approach t h e  magni- 
tude of t he  contac t  rad ius ,  and t h e  expression reduces t o  equation 
(2-3); t h a t  is: 
6, + 6Q I T  
(6 + 6%)+a I k n a  2 -  n k p  
Lim 
T 
R =  
h 
C 
Thus, i n  t h e  l i m i t i n g  case, t h e  mul t ip l e  contact  approach used by 
Tachibana y i e l d s  the  same c o n s t r i c t i o n  r e s i s t a n c e  as the  s i n g l e  
contact  model. 
The process of contac t  was assumed t o  be similar t o  the  ac t ion  
ai a B r i n e l l  hardness test, hence t h e  contact  area r a t i o  could be 
r e l a t e d  to a func t ion  of t h e  apparent pressure  and hardness. 
approximation w a s  tcsumed by Tachibana t o  be s u i t a b l e  f o r  sur face  
regions of plastic flow, and t h e  contact  a r ea  r a t i o  was: 
T h i s  
a P C A 
A 
- I  
E #  a 
The value of 5 was not know but was assumed t o  be independent of 
P and dependent on t h e  shape of t h e  i r r e g u l a r i t i e s  of t h e  su r faces  a 
i n  contact.  
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Equation (2-10) may be revised to include the relationship for 
contact area ratio. The resulting conductance is: 
(2-12) 
For a material of Brinell hardness 115, the contact area ratio 
ranged from 1/11,500 at fifteen psi to 1/115 at 1,500 psi, assuming 
6 was selected as 1.0. 
area ratio, Tachibana assumed that 6 could be considered almost 
a constant for the range of pressures investigated. 
experimental results indicated that the relation between P 
hyperbolic, and that between P and 1 / L  was linear. 
that a more realistic value for 5 would have been 2.5 At zero 
pressure L was not infinite but finite due to heat conduction through 
the interstitial fluid. 
contact conductance using equations (2-lo), (2-ll), or (2-12), the 
author stated that these relationships did give quantitative agreement 
with his experimental results in general. 
As a result of the range of the contact 
T 
The final 
and L was a 
It was also noted a 
Although it was not possible to przdict 
Tachibana found that smoother surfaces usually reduced the 
resistance. 
was associated with a smoother finish, while the area of direct 
contact remained approximately the same. 
when comparing theory and conductance results from smooth surfaces. 
The agreement improved, however, as the surfaces became rougher. 
This was due to the fact that a smaller gap thickness 
Poor agreement was found 
The lack of agreement for tlie smooth surface data may be 
accoanted for in several ways. As the surface becomes smoother, 
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the effective gap parameter becanes small and convection by the 
interstitial fluid is minimized. 
experimental conductance data for smooth surfaces. 
Tachibana indicated that the manner in which the surface parameter 
was defized could be in error by factors of two or more for smooth 
surface finishes. 
Large deviations often occur in 
Further, 
An attempt was made to apply the analytical-empirical relations 
of Tachibana to recent published experfmental data. 
analysis, several questions arose as to the interpretation and use 
of the unknown factors. 
determine the physical contact model are in themselves satisfactory 
for the purpose of the experimental investigation. 
determination of the factors 6, and 5. is difficult, since they were 
found from the experimental data and may only apply to one particular 
set of data. 
In this 
The preliminary assumptions made to 
The general 
The values for the surface parameter 6 were determined from a T 
regularly machined model a '?  would not be entirely suitable for a 
surface with randomly oriented contact spots cf different heights. 
Tachibana also assumed that 6 
face pressures investigated. 
Fishenden [17], this assumption of a film thickness independent of 
pressure may be satisfactory when using interstitic: fluids; how- 
ever, it would not be accurate when extended to vacuum conditions. 
Clearly the experimental-empirical relation was developed for 
experimental data obtained at atmospheric conditions. 
was constant over the range of inter- T 
As in the case of Cetinkale and 
When it is 
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used for data determined at vacuum conditions, the results vary by 
several orders of magnitude. 
Tachibana used the results of Weills and Ryder [Sl] to show 
that his equation predicted the increase in equivalent length with 
an increase in material hardness. It was also shown that a soft 
mrer  
ance than a hard material. 
high, the area corresponding to direct contact would be very small. 
* with a low thermal conductivity would have a larger resist- 
Further, when the hardness was extremely 
For his experimental investigation, Tachibans used machined 
surfaces with three different degrees of roughness. 
that the surface parameter,bT, for these surfaces can be calculated 
if the radius of the cutting tool and the feeding speed are known. 
No consideration of flatness deviation as opposed to roughness 
deviation was involved in the determination of 6T. The value of 5 
was found on the basis of experimental results which were not con- 
sistent, yielding a constant which was rather unreliable. 
He has shown 
The equivalent length representation for thermal contact resist- 
ance developed by Tachibana may be useful; however, his expression 
in the present form is unsuitable for the prediction of contact con- 
ductance at vacuum conditions. 
and comparison with experimental data might yield an expression for 
the prediction of conductance values at higher interface pressures. 
At pressures approaching zero, however, the form of the equation 
would prevent accurate prediction of contact conductance. 
Further analysis of the equation 
24 
Fenech and Rohsenow -
The most basic method of analyzing the heat transport in the 
simplified one-contact model involves rewriting the Laplacian 
equation in cylindrical coordinates and solving the restltant zero 
order Bessel equation with appropriate boundary conditions. The 
problem of determining the heat transfer across a single contact 
was solved by Clark and Powell [18) using the assumption of no 
heat flow across the void area. The case of allowed heat transfer 
across the void was solved by Fene-h and Rohsenow [31, 32) after 
making several simplifying approximations. 
Fenech and Rohsenow divfded the simple one-contact model into 
several regions, as shown in Figure 2-6, and the Laplacian equation 
was set up for each region. 
mined based on the following assumptions: 
Average boundary conditions were deter- 
1) Only axial conduction was permitted across the interstitial 
fluid ; 
2 )  The thermal conductivity of the metal was much greater than 
the conductivity of the interstitial fluid, thus permittine heat flow 
to channel through the points of metal-to-metal contact; 
3) The points of metallic cmtact would increase in both size 
and number as the interface pressure was increased; 
4 )  The vclid space height was small compared to the distances 
between contact points; 
5) 
negligible; 
Radiation and convection in the interstitial f l u i d  were 
25 
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6 )  The contact geometry was idealized such that the true 
number of contact spots were of equal size and uniformly distributed; 
7) Each contacting specimen could be divided into a number of 
imaginary elementaLy cylinders which transfer no heat to one another 
and "feed" one solid contact spot apiece. 
Solution to the Laplacian equation resulted in an expression 
which incorporated the physical parameters of the contact (i.e. 
number of contact points, real area .;+ contact, average thickness 
of the voids) and the physical properties of the Faterials in contact. 
Fenech stated that his expression would provide 8 nethod "for calcu- 
lating the thermal conductance of a metallic contact for any combina- 
tion of metals, surface states, and fluid in the voids at the temper- 
ature and pressure considered.'' 
The assumed approximations permitted a solution to the Laplacian 
equation in the form: 
r - 
C 
h 
where 
G 
kf kl-a)G + 1.1 C g(C) 1/ 2 
(2-13) 
(61 + d2) 
&2 
(1 - a) 
&1 
112 E + '> 112 E + 1 + 4.26 n 
kl k2 
= ( 4 * 2 6  
and 
n = number of contact spots 
f ( C )  = function of C, generally taken as 1.0 for C 
greatzr than 0.1. 
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In equation (2-13), the first term in the brackets of the numerator 
accounts for the heat flow across the fluid at the interface. The 
second term in the numerator accounts for the heat flow through the 
metallic contact spots. 
Since the film thicknesses associated with actual surfaces are 
not constant, the authors developed a weighted average film thickness: 
Bi - 
kf 
ki 
- 
1 -  - % - i = 1, 2; kf # ki 
where 
face, determined as a surface function in cylindrical coordinates. 
€3, is the valume average thickness associated with each sur- 
The authors conducted an experimental investigation to verify 
their analytical results. A single contact cylinder was tested using 
air, water, and mercury as the interstitial fluids. Contact conduct- 
ance measurements were then made on an interface of roughly milled 
armco iron and aluminum. 
The practical application of equation (2-13 is dependent on 
the evaluation of several unknown parameters. Fenech and Rohsenow 
developed a technique whereby they could evaluate the unknown sur- 
face parameters graphically. Profiles of the contacting surfaces 
were measured along two perpendicular directions. These profiles 
were transferred to transparent paper and superimposed upon one 
another to simulate pressure conditions. The volume average thick- 
ness was determined by planimeter measurements of the void space 
profile. The numher of contact points was found by counting the 
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contact  po in ts  along the  p r o f i l e  and d iv id ing  t h e i r  product by t h e  
area. 
widths of the  contac ts  along t h e  p r o f i l e .  
The a c t u a l  contact  area was found by t h e  product of t he  
According t o  t h e  authors ,  experimental r e s u l t s  agreed with t h e  
predicted conductance values  wi th in  about 5 percent ovei- a load 
range from 100 t o  2,600 p s i  f o r  t h e  iron-rluminum contact .  
t he  conductance values  were p lo t t ed  as a func t ion  of apparent pres- 
s u r e  on log-log paper, they exhibi ted a l i n e a r  increase  with pressures  
above 100 ps i .  
load w a s  not  accounted for  q u a n t i t a t i v e l y  s i n c e  n e i t h e r  elastic 
deformation nor plast ic  f l o w  was  considered i n  t h e  ana lys i s .  
assumptions made by Fmech and Rohsenow seem t o  be reasonable con- 
s ide r ing  t h e  r e s u l t s  of t h e i r  experimental inves t iga t ion .  
When 
The h y s t e r e s i s  observed on cycl ing t h e  compressive 
The 
Physical ly ,  t h e  d i f f e rence  between t h e  r e s u l t s  of t h i s  model 
and ana lys i s  and t h a t  of Cetinkale and Fishenden [17] is shown i n  
Figure 2-7, as given by Minges [ 5 8 ] .  
t i o n s  cause t h e  hea t  f l u x  l i n e s  t o  have a s t eepe r  d o p e  near t h e  
cons t r i c t ion .  Thus the  hea t  f l u x  through t h e  s o l i d  and void areas 
a t  t h e  i n t e r f a c e  plane is d i r e c t l y  propor t iona l  t o  ks and kf, res- 
pect ively.  
and t h a t  t he  isotherms some d i s t ance  from the  junc t ion  seem t o  be 
f la t te r  and less d i s t o r t e d  than  those  given by t h e  Cet inkale  and 
Fishenden model. Some f l a t t e n i n g  should be expected due to  heat  
flow through the  voids,  but not  t o  t h e  ex ten t  shown by t h e  Fenech 
ana lys i s .  Experimental r e s u l t s  of Fenech and Rohsenow, however, 
The coupling boundary condi- 
This implies t h a t  t h e  plane of t h e  contact  is isothermal,  
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shenden 
- a  
Figure 2-7. Distortion of Temperature and Heat Flux F i e l d  
as a Result bf Assumed Boundary Conditions [58]. 
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indicate that the initial approximations ere of no serious conse- 
quence. 
An analog computer program for the evaluation of surface 
profile parameters was developed by Henry and Fenech [45] in an 
attempt to further the work of Fenech and Rohsenow. An experimental 
investigation was conducted with stainless steel specimens at three 
interface temperatures over a pressure range of 300 to 20,000 psi. 
Surface measurements were made and the profilometer traces, in terms 
of analog voltages, were placed on magnetic tapes. 
two surfaces were then simultaneously fed into the computer in order 
to determine the interface parameters. Using surface parameters for 
sfmilar surface finitlies determined in this manner, Henry states 
that the maximum deviation observed in the calculation of contact 
conductance with equation (2-13) was thirty percent. 
deviation occurred at the higher loads where interface temperature 
differences were on the order of one to three degrees Fahrenheit. 
This approach yields good results. It is not feasible for the actual 
prediction of conductance data, however, since each surface under 
consideration must be completely analyzed and surface parameters 
placed on tape. 
The traces of the 
This large 
Equation (2-13) may be simplified in a number of different ways. 
-3 At low environmental pressures, i.e. pressures less than 10 Torr, 
the thermal conductivity of an interstitial 
smaller than at atmospheric pressure. 
to solid conductivity would become extremely small, permitting the 
gas or fluid is much 
The ratio of fluid conductivity 
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assumption of negligible heat I .ansfer through 
fluid. Hence, for vacuum conditions, equation 
the inter;titial 
(2-13) nay be reduced 
to: 
4.26 
- (1 - a) b 6  
(2 -14)  
h =  
4- 1) 
C 
1 a b f i  k 
This equation also may be used for dissiailar materials wit. differ- 
ent surface conditions. 
The resistance due to the metallic conduction part of the gen- 
eralized solution for the one contact mor!?l may be written: 
- + - +  61 62 /-++)-- 1 1 f i b  
2 
2.4 R =  R1 R2 ‘kl k2 
C - a  IT^ 
1 -a 
3% This expression was simplified [83] by permitting 6 = h2 = 6 1 
and including the mean harmonic thermal conductivity: 
%R 
- 6  
1.7 a k m 
2.4 a + 2 5 
-.4 Ra ‘km R -  C 
Thus, for the case of &.a, the constriction 
greater than that found by Clark and Powell 
5 
= a  
resistance is slightly 
in equa’:ion (2-2) . 
The analysis presented by Fenech and Rohser,ow is by far the  
most detailed analytical study of thermal contact redstance. 
ever, the resulting equations, (2-13) and (2-14), are not readily 
usable for the correlation of experimental data of mosL investigations 
due t o  the lack of required information for the determination of n, 
B, and C. 
How- 
The graphical technique used to determine these parameters 
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is sa~i.-.Zactory only f o r  t h e  p a r t i c u l a r  su r f aces  inves t iga ted .  
attempt by Henry t o  provide these  parameters by means of an analog 
treatment has only lea t o  a more compiez procedure f c r  t h e  predic- 
t i o n  of thermal contact  conductance. An extension of t h e  bas ic  
theory presented by Fenech ana Rohsenow w i l l  be presented in a later 
chapter. 
thermal contact  conductance f o r  apparent i n t e r f a c e  pressures  of 
L30-800 psi. 
The 
The r e s u l t s  of t h i s  extension sfmplify the pred ic t ion  of 
&?!!!ax 
It is i n t e r e s t i n g  to  note  that Laming s tudied  ander Dr. Pkrgaret 
Fishenden a t  Imp'erjal Collegz in London, and h i s  a n a l y s i s  is b a s i c a l l y  
an extension SL -...- wJDr:K presented by Cet inkale  and Fishenden. 
Laming [55 ]  chose t o  analy..e t he  single contact  model and determine 
the  conduct: -a through the  metallic contac t  spot  and t h e  conduction 
through the i n t e r s t i t i a l  f l r i d .  
machined parallel grooves t o  ob ta in  contac t  conductance d a t a  f o r  t h e  
H e  used contac t ing  specimerw with 
development of a semi-empirical equation. 
01.1 t he  basis of cjork by --den and Tabor 1161 and Holm [ 4 6 ] ,  
Laming assumed t h a t  s i n c e  loads which can be supported by e l a s t i c  
deformation are extremely small, t he  pressure on each contact  spot  
fs eqxal t o  the indentation y ie ld  pressure,  o r  the Meyer hardness. 
I n  idd i t fon ,  he considered a "cons t r ic t ion  a l l e v i a t i o n  e f f e c t "  which 
woulG account for t h e  cas28 of e x t r m d y  high loads and/or comparable 
so l id  and f l u i d  c o g d r c t i t i t i e s .  
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The conductance per unit area for the metallic spots, in terns 
of the constriction alleviation factor, f, was then given as:  
S 
2 k  
h = - 1 7  
S 
The thermal conductivity is the harmonic mean value. 
The constriction alleviation factor was calculated from the 
results of the analytical study by Roess [ 6 4 ! .  He found that the 
constriction resistance, R, associated with a contact spot of radius 
a and an elementary cylinder having the radius of the dividing flow 
a 
rd 
line, could be determined from equation (2-4) with C = - . 
Laming assumed that for most cases the ratio -would be small, 
and the constriction alleviat on factor could be approximated by 
a 
r d 
the first term of the series, i.e., 
f = 1.4093 a 
'd 
- a < 0.3. 
d r 
Sicce many machined surfaces may have a regularly pitched 
ridging or waviness in one direction, the number of potential contact 
points would be the number of ridge-intersections available. 
iog that the ridges would be situated at some angle, the nmber of 
Assum- 
contact points at the interface was specified as n - s i n  a/X1h2 and 
the metallic conductance became: 
Heat transfer across the interstitial fluid occurred only by 
conduction, s i n c z  radfaticn and convecteon wexe considered :c be 
negligible. Defining an erfective film thickness parameter, t, the 
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fluid conductance per unit area was given as: 
The resulting equation €or the total contact 
h = h  + h f =  
The resistance 
C S 
€or the solid conduction 
I -  
The above resistance equation may be reduced 
conductance was : 
L-) (2-15) 
may then be written as: 
to equation (2-2), the 
expression from which Laming started his analysis, by making several 
siiu;lifying assumptions. The mimum nmber of contacts will occur 
when 0 =  go", and the term in the 
appropriate contact a?-ea ratio. 
pareRtheses may be replaced by the 
The resulting equation is: 
(1 - f )  
2 k  n a  R =  C m 
Allowing the constriction alleviation factor to approach zero, and 
treating the single contact case, n = 1, the expression simplifies 
to equation (2-2). 
AP experimental facility operating in an atmospheric environment 
was used. to obtain contact conductance data. 
same as that used by Cetinkale and Fishenden, 
a1.uminum specimens with peak-to-mean surface roughnesv ranging from 
170 to 2,000 lricroinches were tested with interstitial fluids of air, 
glycerol, and water 
This facility was the 
Steel, brass, and 
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itesults of the experimental investigation were used to determine 
a semi-empirical relationship for the heat transfer through the inter- 
stitial fluid. This relationship, 
kf kf hf = 1.5 - = 0.667 t
S 
is usually expressed as a function of the gap dimension, 6cF. Since 
is difficult to ascertain, Laming chose as the gap parameter the %F 
sum of t3e peak-to-mean distances for the two surfaces. 
analysis, Laming assumed that the conductance of the fluid was inde- 
pendent of the pressure, and that s/t was constant. 
pointed out here that although the contribution to heat transfer by 
radiation and comection were neglected in the initial analysis, thq 
effects may very well be included in the factor of 1.5 in the preced- 
ing equation. 
In h i s  
It should be 
After further investfgatim of h i s  experimental conductance data 
on log-log plots, Laming decided that the contact conductance could 
be represented by: 
h = h, + J(P )* (2-16) 
C a 
where J is a constant. 
the solid conductance was 0.50; however, a value of 0.667 best fits 
the experimental data. 
by subtracting a constant from the total conductance. 
of fluid conduction agreed favorably with the direct experimental 
dhca of the conduction components obtained by varying the intersti- 
tia! fluids at constant load. 
The value for n resulting from analysis of 
The fluid coaduction component was determined 
These values 
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Several deficiencies have been found in the use of equation 
(2-15). In the region of most engineering applications, the pre- 
dicted values were somewhat higher than aztual ape-imental data 
obtained at stmospheric conditions. For pretm.mes on the order of 
200 psi, the conductance was overpredicted by factors of 100 per- 
cent or more. At pressures near 6,000 psi, however, the predicted 
conductances compare favorably with experimental data. Further, 
contact conductance values for interfaces with fine finishes had 
proportionately lower conductances than the coarse finishes. 
deviations were accounted for by the increased apparent hardness 
of t5e finer contact points, and the fact that the hardness is quite 
dependent u p m  the loaa. 
mental data were obtained on machine-grooved sur?aces rather than 
surfaces with randomly distributed contact spots. 
the expression presented by Laming would be suitable for prediction 
of contact conductance only at atmospheric conditions when surface 
parameters and orientation are known, and even then, only in the 
pressure range of 2,000 to 10,000 psi. 
Thsse 
It should be pointed out that the experi- 
It appears that 
Since a majority of the surfaces exhibiting contact conductance 
are smooth with no specific orientation, it is not possible to 
determine a surface wavelength. 
mining the contact area is unresolved. Secondly, the relationship 
of Laming is not suited for correlation of published experimental 
data since very few, if any, authors give surface orientation. 
simplified form of the conductance, equation (2-16), has been pro- 
posed several times [7, 16, 441 and has been found to fit available 
Thus the original problem of deter- 
The 
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experimental data only over a small range of pressure. 
Clausing and Chao --
A more recent theory for the prediction of thennal contact con- 
ductance has been presented by Clausing and Chao [19, 201. 
experimental-ayaalytical relationship was derived for the one-contact 
model as an excension of the constriction resistance theory of Holm 
[ 4 6 ] .  Like other investigators, Clausing assumed that the contribu- 
tion to the heat transferred across a joint by convection and radia- 
tion would be negligible in a vacuum, thus permitting the metal-to- 
metal conduction to be the dominant mechanism. In a model such as 
that shown in Figures 2-2 and 2-5, the constriction of the flow of 
heat to the small areas manifested itself as a contact resistance at 
the m a c ~  scopic level. 
This 
The interface area was divided into two regions: the contact 
region ,2nd the non-contact region. 
scopic contact area was defined as that portion of the surface 
where the density of the micro-contact areas vas high. 
contact region, then, contained few if any microscopic contact 
areas. The size of the regions was governed by elastic deformation 
at the contact, since relatively low pressures are exerted in prac- 
tical joints. 
The contact region or macro- 
The non- 
On the basis of these surface divisions, Clausing felt that the 
constriction of heat flow at an interface could be represented by 
tl- r-sistances in series: the macroscopic constriction resistance 
,e vcopic constriction resistance. Analysis of the 
microscopic resistance was based on the following assumptions: 
1) 
2) 
Surfaces were free from films; 
Microscopic contact areas were all circular and of 
identical radius; 
3) Contact areas were uniformly distributed over the region. 
Clausing initiated the analysis by writing the microscopic 
resistance in the form of equation (2-2) and extending this expres- 
sion to include the number of contacts. 
that this express?nn should be analyzed with a variable radial 
temperature in the axial direction rather than the maximum center- 
line temperatures used by Holm. 
with the solution of Roess, equation (2-4), and evaluated the con- 
striction resistance. 
Clausing also suggested 
Clausing combined this premise 
The resulting expression was: 
Assuming that the asperities carried the load and deformed plastically, 
the area of contact was represented as a function of the load and 
hardness. 
[17], Tachibana [74], and others [44, 711. The resulting relation- 
dr ip  for the microscopic interface conductance was: 
This assumpt!-on* was also made by Cetinkale and Fishenden 
a kh ; c = -  a 
b 
P 2 
hmi = ; tj$ 'm 
or in dhansionless form: 
(2-18a) 
(2-18b) 
~~ ~ 
* See discussion of the validity of this substitution on pases 64-65. 
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This relationship is similar to that of Boeschoten and van der Held 
WI 
Clausing made some simplifying approximations in order to 
estimate the nicroscopic constriction - - 'istance. To account for 
the decrease in resistance due to non-circular areas and the increase 
in contacL area due to microscopic elastic deformation, a value 
5 = 0.3 was chosen. The paraneter g(C) aas selected as unity, except 
in cases of very smooth surfaces and extremely high interface pres- 
sures. Microscopic contact areas were considered to be independent 
of load. Simplifying equation (2-18b), the dimensionless microscopic 
conduc tame became : 
The principle model considered for analysis of the macroscopic 
constriction resistance was again the single contact model. Heat 
was permitted to flow In a cylindrical column of fixed radius =ild 
constrained to flow through a smaller circular contact spot, as 
shown in Figure 2-2. The Laplacian equation in cylindrical coordtn- 
ates, solved with appropriate boundary conditions, was combined with 
equation (2-18a). The thermal resistance of a constriction for both 
the case of a uniform temperature contact and the case of a uniform 
heat flux contact were solved numerically ana found to be essentially 
identical. Clausing stated that this result indicated that the 
macroscopic constriction resistance was independent of the magnitude 
and radial distribution of the microscopic constriction resistance. 
The actual physical modeL used by C',ausing and Chao consisted 
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of two cylinders in contact, with the contacting surfaces finished 
to a convex spherical radius of curvature. For this model, the 
total macroscopic conductance was given as: 
(2-19) 
In order to determine the macroscopic area, Clausing chose to 
use the radius of a circular contact between two spherical bodies 
in elastic contact, solved by Hertz [77].  This relationship pro- 
vides a radius variation as a function of load. With some simplify- 
ing approximations, the constriction ratio became: 
P 1/3 
X - 1.285 [(A)(L)] 
E 6 - m  (2-20) 
bL 
'a b where (-)( was defined as the elasti, conformity modulus. 
Hence the macroscopic conductance was determined by combining equa- 
E %c 
tions (2-19), (2-4b), and (2-201. 
Experimental values of contact conductance were determined for 
stainless steel, brass, aluminum, and magnesium, in a vacuum, with 
varying surface conditions. 
found between the measured and predicted -,-dues for thermal contact 
resistance for values of X less than 0.65. 
It was stated that good agreement was 
Beyond this point, the 
macroscopic areas of the contact may be plastically deformed, and 
the Hertz equation would no longer be valid. 
found for fairly rough (200-400 microinches) surfaces; however, very 
poor correlation was found for smoother surfaces. 
Good correlation was 
It should be noted 
here that the agreenent was with the dimensionless parameters of 
contact conductance and elasttc conformity modulus given in equations 
(2-19) and (2-20) . 
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F i l m  resisianc can b e  a significant factor. Tests by t h e  
authors indicated that the interface conductance was reduced by a 
factor of four or five as a result of surface films. Since it was 
not possible to correlate or estimate with any certainty the surface 
film re:istance, the relative importance of the macroscopic and 
microscopic constriction resistances was examined. The ratio of 
these resistances was determined to be: 
a P .aa 
mi HD 
E 
R 
- -  - - (-1 $1 a (2-21) 
Perhaps the major con-ribu-ion of Clausing and Chao to thermal 
contact resistance was to predict and show experimentally the pre- 
dominance of the macroscopic constriction resistance over the 
s.isroscopic constriction resistance. 
microscopic resistance ranged from a low of 29 for aluminum to a 
high of 176 for magnesium. 
The ratio of macroecopic-to- 
Although the analysis of Clausing and Chao is uaeful fo r  the 
correlation of contact resistance data, it is not very reliable f o r  
magnitude predictions, particularly for smooth surfaces. This theory 
will be discussed in more detail in a Later chapter, where comparisons 
will be made with available experimental data. 
11. SUMMARI' OF PUBLISHED EXPERIMENTAL DATA 
In order to establish the correct magnitudes and trends for  
thermal contact conductance values, the experimental data available 
in the litcrature must be analyzed and coapared to 3elect the more 
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reliable data. 
analysis might be carried out. Comparison of magnitudes, slopes at 
different pressures and surface finishes, and effects of mean junc- 
tion temperature are a few of the characteristics considered in this 
section. 
information necessary for analysis. In some instances, assumptions 
have been made in order to complete the data for this analysis. 
t h e  objective of the present work has been to predict conductance 
values in a vacuum environment, only the data of investigations con- 
ducted at vacuum conditions will be treated. Table 2-1 lists thz 
experimental work reviewed with somc of the pertinent characteristics 
for each investigation. The corresponding experiincntal data used for 
comparison with prediction equations are tabulated. in Appendix A. 
There are a nw.ber of different ways in which t h i s  
In many cases, investigators have not given all of the 
Since 
Preliminary Analysis 
Szudy of available published data indicates that there is not a 
simple form or manner of describing the surcqce or gap depth. A 
number of investigators have presented various expressions, and for 
the most pack, these expressions include some function of flatness 
deviation and rms roughness. 
a common expression must Le ubad. 
In order t o  compare the published data 
A model for surfaces in contact k. chosen to represent surfaces 
with similar finishes as well as dissimilar finishes. These surface 
combinations are shown in Figures 2-8 and 2-9. 
the smooth-to-rough surface combination (Figure 2-8) should yield the 
It wad desired that 
4 3  
TABLE 2-1 
ElTERLMENTAL INVESTIGATXONS REVIEWED 
Investigator 
(Vacuua Lower than loo3 Torr) 
Metallic 
Specimens 
Temp. Pres sur e 
Rwse Range 
(OF) (psi) 
Bloom [13J Aluminum 7075 -270 to 300 50 to 950 
Clausing & Chao [20] Aluminum 2024 220 to 240 10 to 990 
Stainless Steel 303 250 to 245 10 to 990 
Brass Alloy 271 ?W to 340 .'.O to 955 
Magnesium A2318 -&'; t o  215 10 to 990 
Cunnington [ 22 J Aluminum 6 ~ 0 1  60 to 250 15 to 95 
Magnesium AZ31B 63 to 150 15 to 95 
Fletcher, et a1 1331 Aluminum 2024 -50 to 300 100 to 385 
Fried [ 35,36,37 J Aluminum 2024 90 to 220 40 to 1130 
Stainless Steel 304 90 to 390 30 t r  1170 
Magnesium AZ31B 75 to 105 140 .Q 3270 
Hargadon [ 4 3 )  Stainless Steel 304 250 t o  260 15 to 810 
Smuda, et a1 [69 ,70 ]  Aluminum 2024 -255 to 300 10' t o  1040 
Yavonovich [ 84 J Alm,r,um 2024 450 to 515 250 to 5900 
Stainless Steel 303 500 to 540 250 to 4400 
Magnesium AZ31B 470 to 500 250 to 3600 
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* l a r g e s t  value of t h e  s u r f a c e  parauleter , and s u r f a c e  combinations more 
similar i n  na tu re  (Figure 2-9) would r e s u l t  i n  smaller va lues  of t h e  
s u r f a c e  parameter. Foi convenience, i t  w a s  a l s o  des i r ed  t h a t  t h i s  
s u r f a c e  parameter be  a func t ion  of f l a t n e s s  dev ia t ton  and roughness. 
The t o t a l  p r o f i l e  he ight  of t h e  s u r f a c e  roughness (peak-to- 
v a l l e y  he ight )  w a s  s p e c i f i e d  by Oberg [60]  t o  b e  f a u r  times t h e  rms 
value.  The f l a t n e s s  de l - ia t ion  is measured t o  t h e  c e n t e r l i n e  of  t h e  
roughness p r o f s l e ,  or t o  t h e  mean s u r f a c e  [60,  751. Hence, t h e  t o t a l  
peak-to-valley he ight  of a s u r f a c e  could b e  represented  as t h e  Veasured 
va lue  of t h e  f l a t n e s s  dev ia t ion  p l u s  one h a l f  a f  t h e  t o t a l  roughness 
he igh t ,  or FD + 2RD. Combining f l a t n e s s  d e v i a t i o n  and roughness i n  
an a d d i t i v e  manner has  been suggested by s e v e r a l  i n v e s t i g a t o r s  (17,55,75]. 
Two similar su r faces  placed toge the r  under load w i l l  over lap  t o  
some e x t e n t  (Figure 2-9). However, d i s s i m i l a r  s u r f a c e  combinations such 
as a smooth s u r f a c e  aga ins t  a rough s u r f a c e  (Figure 2-8) w i l l  over lap  
very l i t t l e  i f  a t  a l l .  
* 
In e i t h e r  case, i t  is assruned t h a t  t h e  con tac t  
occurs  a t  t h e  maan s u r f a c e  i n t e r f a c e  of t h e  smoother su r face .  This  
mean s u r f a c e  is locatea a t  one h a l f  of t h e  t o t a l  peak-to-valley he igh t  
[60,75]. 
between s u r f a c e s  may be  def ined as: 
Hence, a s u r f a c e  parameter f o r  a contac t  or ar- e f f e c t i v e  gap 
(2-22) 
s u r f a c e  s u r f a c e  
For a contact  of similar s u r f a c e s ,  t h e  s u r f a c e  parameter o r  e f f e c t i v e  
gap is shown i n  Figure 2-9. For t h e  combination of a smooth and 
* 
Experimental da t a  presented i n  Chapter I11 have shown t h a t  conduct- 
ance d a t a  f o r  smooth-to-rough su r faces  are lower than conductance 
d a t a  f o r  similar rough su r faces .  
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R o u g h  Surface 
7- 
d 
Smooth Surface 
Figure 2-8. Diagram of a Smooth-to-Rough Surface Combination. 
Rough Surface 
Medium Surface 
Figure 2-9. Diagram of a Medium-to-Rough Surface Combination. 
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rough surface, the resulting surface parameter would be approximately 
the value of the rough surface, as shown in Figure 2-8. 
This expression, then, is suitable for contacts composed of smooth 
surface finishes against rough surface finishes, as well as for sur- 
faces with similar finishes. 
formulated in terms of defined surface characteristics usually 
measured and published. 
Also important is the fact that it is 
In the published work on experimental contact conductance, a 
discussion was presented by each investigator regarding the validity 
of his data. 
although the majority should be acceptable for further analysis. 
some cases in which deviations existed, it was possible to explain 
these discrepancies as due to transient rather t'mn steady state 
,onditions. 
published works. 
change in physical properties of the spcc.imen during the course of 
the experimental investigation. This cilange caused erroneous heat 
flux calculations, and as a result, the conductance values were too 
small. 
changes [19, 36, 691. 
oxidized surfaces due to prolonged storage before testing [20]. These 
data were considered in this analysis; however, they showed marked 
differences from what would be expected for clean surfaces. 
some contact conductance data included an interstitial grease or 
flu,a. 
the objective of this study. 
Each author suggested that some data were questionable, 
In 
Typographical errors were also present in some of the 
Several sets of data were fn error due to the 
Several investigators have sxper:.enced and reported these 
Other sets of dst.. were stated to have visible 
Finally, 
These runs were not considered as they were not pertinent to 
As a result of this -,elhinary analysis 
of the available data, sone data were eliminated. 
of data, howe-ier, were still suitable for further analysis. 
A larger amount 
Comparative Analysis 
The magnitude of contact conductance varies considerably depend- 
ing upon the various characteristics and test conditions of the 
contacting surfaces. 
and surface parameter play extremely important roles. Thus, compari- 
sons of the conductance values can only be in terms of order of 
mgnitude since it is highly unlikely that any two investigators 
would have used all of the same test conditions. 
might be consistent, however, with other data of the same investiga- 
tion. 
ent investigators for the rougher surfaces; however, smooth surfaces 
exhibit a sometimes unexplainable variation in magnitude. 
for contact conductance as a fuiction of pressure were plotted for 
magnitude and trend comparisons. 
large deviations were eliminated as questionable data, since they 
were not consistent with the other data of the same investigation. 
The contact pressure, mean junction temperature, 
Experimental data 
It has been found that better agreement exists between differ- 
Curves 
Certain data points exhibiting 
A large amount of the published experimental data at vacuum 
conditions has been obtained with aluminum test specimens. 
presentative sample of aluminum data with different surface condi- 
tions and mean junction temperatures is shown in Figure 2-lo*, which 
A re- 
* The codes for the data shown in the figures of this 
listed by the first letter of the authors last name 
respective run number. These codes are also listed 
Chapter are 
and his 
in Table 2-2. 
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gives the  magnitude of t h e  conductance as a funct ion of pressure. 
One oxidized magnesium run is also included f o r  comparison [20]. 
It may be noted t h a t  as the  sur face  f i n i s h  becomes smoother (i.e.,  
roughness and f l a t n e s s  devia t ion  become smaller) t h e  s lope  increases  
more rapidly.  The curves suggest t h a t  t h e  Conductance w i l l  become 
extremely l a rge  i n  t h e  l i m i t  as pressure increases;  however, as the  
pressure becomes very s m a l l ,  it 2s d i f f i c u l t  t o  determine whether 
t h e  conductance remains f i n i t e  o r  approaches zero. 
The curve of t h e  de r iva t ive  af conductance with respect  t o  
pressure (for t h e  da t a  of Figure 2-10) is shown i n  Figure 2-11. 
Analysis of these  graphica l ly  obtained de r iva t ives  sitggests t h a t  
t he  s lopes  of some data  approach zero as t h e  pressure becomes l a r g e  
while t he  s lopes of o ther  da t a  appear t o  increase  as pressure be- 
comes large.  It is d i f f i c u l t  t o  determine which of t h e  da t a  exhib i t  
t h e  co r rec t  trend. 
T h a t  both the  contact  conductance and its de r iva t ive  should 
approach i n f i n i t y  as pressure increases  can be i l l u s t r a t e d  u s i q  an 
expression for a single contact  developed by Roess 1641. This 
r e l a t ionsh ip ,  given i n  equation (2 -4) ,  may be s implif ied by using the  
f i r s t  t w o  terms of t h e  series expansion, g(C). The r e s u l t i n g  conduct- 
ance may be wr i t t en  as: 
h -  2 k h  
T b (1-E) C 
b 
I n  t h e  l imi t ing  case, as pressure becomes la rge ,  t he  contact  rad ius  
a approaches b, and t h e  cons t r i c t ion  r a t i o  approaches one. Hence: 
50 
0 CC 58 
E3 CC 6A * B 5-4 
b s 2  
1 B 5-1 
L) F65 13. 
F L A 6  
0 cc 1~ 
0 cc 1M 
T d rn - -  
230'F 33vin 
230 58 
240 13 
-240 156 
100 140 
-212 470 
/ 
230 70 / 
1 I 1 I I 
0 200 400 600 800 1000 
Apparent Pressure, psi 
Figure 2-11. Variation of dh,/dPa with Apparent Interface 
Pressure for Selected Aluminum Data. 
51 
P I 0 0  
1. 
a+b a b ( l f )  
w h =  C 
a- -b 
I n  a similar manner, it can be shown t h a t  t he  de r iva t ive  of t he  
conductance with respect  t o  pressure must a l s o  become i r i t i z i t e .  The 
de r iva t ive  of t h e  conductance with respec t  t o  contact rad ius  is: 
Again, as pressure becomes l a rge ,  a approaches t h e  s i ze  r;f b, and 
dh 
dP becomes la rge ,  or: 
C -
a 
r 0 0  
L - =  
2 a 2  'a" da a*b ab  (1-c) a+b 
For good da ta ,  then, both t h e  conductance and its slope should increase  
as pressure becomes large.  
It should be pointed out t h a t  a t  least one of t h e  curves i n  
Figure 2-10 which exh ib i t s  a tendency toward a zero s lope as pressure 
increases  was oxidized [20]. Oxide f i lms  are almost always present 
on metallic surfaces  [21, 27, 35, 821. Fenech and Rohsenow [31] state 
t h a t  t he  sur face  f i lm  does not appreciably a f f e c t  t he  thermal resist- 
ance. Clausing and Chao [20], on t h e  other  hand, suggest t h a t  f o r  
t he  r e l a t i v e l y  small areas of a c t u a l  contact ,  t h e  f i lm  e f f e c t s  may no 
longer be negl igible .  It appears from the  present ana lys i s  that t h e  
e f f e c t s  of surface f i h s  mav alter t h e  s lope of t h e  conductance 
pressure  curve, depending upon t h e  degree t o  which the  surfaces  a r e  
oxidized . 
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I t  is not poss ib l e  t o  accura te ly  ex t r a?o la t e  t h e  s l o p e  t o  t h e  
region of t h e  o r i g i n .  A few curves suggest a zero va lue  f o r  t h e  
slope, y e t  o t h e r s  i n d i c a t e  a f i n i t e  value.  It would appear,  however, 
t h a t  a majori ty  of t h e  da t a  in Figure 2-11 i n d i c a t e  a f i n i t e  va lue  
f o r  t h e  s lope  a t  zero  pressure.  
The mean junc t ion  temperature is a l s o  a major f a c t o r  t o  Lonsider 
i n  a n a l y s i s  c f  published da ta .  
d i r e c t l y  a func t ion  of temperature, as exhib i ted  i n  Figure 2-12. 
I t  appe4rs t h a t  t h e  conductance is 
Note 
t h a t  as t h e  temperature decreases ,  so does t h e  magnitude of t h e  con- 
ductance. Although t h e r e  has been l i t t l e  experimental  work done i n  
t h i s  area, a v a i l a b l e  d a t a  do suggest a marked change i n  t h e  der iva-  
t i v e  of  conductance wi th  temperature as t h e  temperature inc reases  
from l o w  temperatures t o  values  near  300'F. I n  add i t ion ,  t h e  e f f e c t  
of  mean junc t ion  temperature appears when comparing t h e  d e r i v a t i v e  
of conductance wi th  respec t  t o  pressure  a t  var ious  mean j u n c t i o n  temp- 
e r a t u r e s ,  as shown i n  Figure 2-13. 
Although a s u r f a c e  parameter has been def ined [equat ion (2-22)], 
. i t  is d i f f i c u l t  t o  rllake d i r e c t  ccmparisons wi th  a11 d a t a  s i n c e  t h e  
su r face  c h a r a c t e r i s t i c s  of roughness and f l a t n e s s  have been measured 
i n  d i f f e r e n t  manners. 
t he  t rends  t h a t  t h e  d a t a  seem t o  suggest .  The change i n  conductance 
An attempt has  been made, however, t o  show 
as a func t ion  of s u r f a c e  parameter a t  var ious  precsures  may be seen 
i n  Figure 2-10. Note t h a t  a t  similar mean junc t ion  temperatures 
and constant  pressure ,  t h e  change i n  conductance seems to  fol low a 
logr i thmic  p a t t e r n .  
conductances while  changes i n  t h e  s u r f a c e  parameter f o r  rougher 
The smoother su r faces  e x h i b i t  extremely high 
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sur faces  y i e ld  a very -11 change in conductance, as shown in 
Figure 2-14. 
compared with tile sur face  parameter, is shown in Figur: 2-15 f o r  
s eve ra l  sets of da ta .  
approaches i n f i d t y ,  and as t ha  su r faces  become rough, t h e  s lope  
approaches zero. 
The d e r i v s t i q e  of conductance with resnect t o  pressure,  
As t h e  sur faces  become smooth, the  s lope  
erfmental  Data Acceptable Published Exp -
The experimental d a t a  of t h e  i n v e s t i g a t o r s  l i s t e d  in Table 2-1 
h a v ~  been r e v i d .  
only t h e  bare  junc t ion  r e s u l t s  of aluminum, s t a i n l e s s  steel, brass ,  
and magnesiup were analyzed. In t h i s  sec t ion ,  t h e  experimental da t a  
are discussed, fnd ica t ing  t h e  reasons f o r  e l imina t ing  c e r t a i n  runs 
and t h e  values  se l ec t ed  to complete the  a n a l y s i s  of o the r  runs. 
run numbers of t h e  d a t a  that w e r e  s e l ec t ed  are given in Table 2-2, 
aud t h e  da t a  are listed in Appendix A. 
Of t h e  d a t a  presented bp t h e s e  investjgators, 
The 
Bloom [13) has  done extensive work a t  low tmperatures using 
aluminum 7075 test specimens. 
of pressure with a t  least four  po in t s  in series were used in t h i s  
ana lys i s ,  s ince  some scatter ex i s t ed  in t h e  da t a  obtained a t  random 
pressures.  
thermal conductivity,  c o e f f i c i e n t  of thermal expansion, and modulus 
of e l a s t i c i t y  were not spec i f i ed ;  therefore ,  s u i t a b l e  va lues  were 
se lcc ted  from the  literpL*rre [2, 12, 30). The da ta  of runs 5-3 and 
5-6 were not used because they tv 
given by Bloom. 
Only data obtained in ascending order  
Data are l i s t e d  by f i g u r e  number in Bloom's r epor t .  The 
t c c r ~ s i s t e n t  with o the r  data 
5-3 were obtained using o i l  The dace 9): 
56 
7000 
6000 
5000 
4000 
3000 
2000 
1000 
0 
T m 
230°F 
- 
230 
-212 
240 
-240 
100 
230 
-2C 
0 100 200 300 400 500 
Surface Parameter, d ,  uin 
Figure 2-14. Variation of Contact Conductance with the 
Surface Parameter at Constant Pressure. 
57 
0 CC SA 
13 CC 6A 
I) B 5-4 
A S 2  
1 B 5-1 
0 F65 11 
a cc 1A 
FL A6 
T m 
230°F 
230 
-212 
240 
- 
-240 
100 
230 
-20 
P = 400 psi a 
.. .A -- - A , .  
I I I I 
0 100 200 300 400 500 
I 
Surface Parameter, d ,  v in  
Figure 2-15. Variation of dh,/dPa with the Surface 
Parameter. 
58 
Inves tigacoi -
TABLE 2-2 
PUBLISHED EXPEkIMENTAL DATA 
USED IN THE PRESENT ANALYSIS 
Code -
Bloom [13] B 
Clausing & Ch.io [20] cc 
Cunnington [ 221 CN 
Fletcher, et a1 1331 n 
Pried 135, 36, 371 FR 
Hargadon 1431 H 
Smuda, et a1 169, 701 S 
Data R u m  
5-1, 5-2, 5-4, 5-5, 5-3 
lA, 2A, 5A, 6A, 7A; 3s; 
lB, 2B, 3B, 4B; lM, 2M, 3M 
5, 6, 7 
A2, A4, A6, A8 
65:1-6, 11-17, 134-41; 
66~4-12, 31-6, 57-66, 88-92 
2 
2, 3, 4; A2 
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as an interstitial fluid. 
then, may have been slightly contaminated, causing larger conductance 
magnitudes than 
run 5-6, it was stated that air was entrapped between the surfaces. 
The reminder of the aluminum data were consistent with each other 
as well as with the published data of other investigators. 
The surfaces for the bare junction test, 
other data at similar conditions. In the case of 
Clausing and Ctao [ 20 J have presented experimental conductance 
data for brass, aluminum, stainless steel, and magnesium and have 
included most of the pertinent material properties and test conditions. 
Values €or the coefficient of thermal expansion were selected from the 
literature [2, 5, 26, 791. With a few exceptions, the experimental 
data were consistent with each other. Aluminum runs 3A and 4A 
exhibited considerably lower conductance magnitudes than their stated 
surface parameters would suggest. Clausing indicated, however, that 
numerous large surface scratches often present were overlooked when 
measuring the surface parameters. 
1s and 2s indicated larger slopes than data of other investigators. 
Run 3S, however, was consistent with other published data. The 
magnesium data included one run with surfaces which were visibly ox- 
idized (run IN). 
The conductance curves for runs 
Cunnington [22] has presented limited data for aluminum and 
magnesium. 
to be extracted from curves and are approximate at best. 
elasticity and coefficient of thermal expansion were not given; 
hence values were selected from the literature [2, 261. The surface 
characteristics given resulted in conductance magnitudes which were 
These data were not tabulated, so conductance values had 
Modulus of 
60 
not cons is ten t  with o the r  published da ta .  
adjusted,  however, by changing t h e  su r face  parameter t o  allow b e t t e r  
c o r r e l a t i o n  with the  published data .  
These d a t a  could be 
F le tcher ,  et a l  [33] have given experimental d a t a  f o r  aluminum 
2a24. 
a v a i l a b l e  f o r  d a t a  ana lys i s .  These d a t a  are s a t i s f a c t o r y ,  except 
f o r  a few i s o l a t e d  d a t a  points .  
A l l  of t he  necessary p r o p e r t i e s  and test condi t ions were 
Fried [35, 36, 371 has published a large amount of experimental 
d a t a  with a wide v a r i a t i o n  in test materials. The r e s u l t s  presented 
i n  h i s  first repor t  [35] w e r e  no t  t r e a t e d  since i n s u f f i c i e n t  su r f ace  
c h a r a c t e r i s t i c s  were given. 
year  and run number. 
e l a s t i c i t y ,  and c o e f f i c i e n t  of thermal expansion were not  included 
i n  any of t h e  r epor t s .  
va lue  f o r  t h e  mean junc t ion  temperature, s i n c e  t h e  average tempera- 
t u r e  of each specimen was  given. Based on t h i s  in€ormatiou, t h e  
material p rope r t i e s  could be obtained from t h e  l i t e r a t u r e  [2, 5, 26, 
791 . 
The d a t a  considered are referred t o  by 
The mean junc t ion  temperature, modulus of 
It w a s  poss ib le ,  however, t o  deduce a 
Data obtained using an alumlnum specimen t h a t  was annealed 
during t e s t i n g  were not  considered s i n c e  t h e  exac t  value of conducti- 
v i t y  was not known (runs 65:31-36, 66-70). Some d a t a  runs were not  
cons i s t en t  w i t h  o the r  d a t a  of t h e  same inves t iga t ion  nor with o the r  
published da ta  (runs 65:103-G, 149-52; 66:231-9). Other da t a  runs 
contained i s o l a t e d  po in t s  which deviated from t h e  curve by f a c t o r s  
of two or  more. These da ta  po in t s  were discar6ed as quest ionable;  
however, t h e  remainder of t h e  d a t a  i n  those runs were used (runs 
61 
65:134-41; 66:31-6, 57-66). Surface c h a r a c t e r i s t i c s  for s e v e r a l  
su r f aces  were given as measured by an o p t i c a l  f l a t ,  which inc reases  
t h e  p o s s i b i l i t y  of e r r o r .  Some of t hese  d a t a ,  however, could be  
cor rec ted  by a d j u s t i n g  t h e  s u r f a c e  parameter f o r  one d a t a  po in t  t o  
a va lue  comparable t o  o t h e r  published d a t a ,  and not ing  t h a t  t h e  
remainder of t h e  d a t a  would then be c o n s i s t e n t .  
Hargadon [43 ]  presented a l i m i t e d  amouilt of d a t a  f o r  s t a i n l e s s  
steel. 
approximate. 
These d a t a  were ex t r ac t ed  from a curve and are t h e r e f o r e  only . 
Thermal conduct iv i ty  and modulus of e l a s t i c i t y  values  
were not given; t he re fo re ,  t h e  va lues  were s e l e c t e d  from t h e  l i tera- 
t u r e  [ 7 9 ] .  
Smuda, et  a1 [69 ,  701 presen t s  experimental  d a t a  f o r  aluminum 
2024. All of t h e  material p r o p e r t i e s  and test condi t ions  f o r  t h e s e  
d a t a  were a v a i l a b l e  f o r  a n a l y s i s .  
f o r  a few i s o l a t e d  d a t a  po in t s .  
These d a t a  are c o n s i s t e n t  except 
Yavanovich [ 8 4 ]  presented d a t a  f o r  aluminum, s t a i n l e s s  steel, 
and magnesium. 
a machined geometric p a t t e r n ,  hence, are not  a p p l i c a b l e  to  t h i s  
These d a t a  were obtained f o r  s u r f a c e  f i n i s h e s  wi th  
ana lys i s .  
Of t h e  i n v e s t i g a t o r s  reviewed, t h e  experimental  techniques and 
r e s u l t s  of some i n v e s t i g a t i o n s  appear t o  be more thorough or b e t t e r  
than o the r s .  The works of Bloom, Clausing and Chao, F l e t che r ,  et a l ,  
F r i ed ,  and Sm-ida, et  a1 have gene ra l ly  r e s u l t e d  i n  c o n s i s t e n t ,  usable 
data .  
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R e s u l t s  of Data Analysis ----
The t rends  suggested by t h i s  a n a l y s i s  may be ecumerated as 
follows: 
1) The conductance shovld inc rease  toward i n f i n i t y  i n  t h e  l i m i t  
as pressure  becomes l a r g e ,  and toward zero or a small f i n i t e  va lue  as 
pressure  tends toward zero (Figure 2-10). 
ex t rapola ted  t o  zero pressure  (Figure 2-11) and g raph ica l ly  i n t e g r a t e d ,  
When dh/dPa curves are 
t h e  r e s u l t a n t  va lue  of conductance gene ra l ly  approaches some f i n i t e  
value as pressure  becomes small. 
c 
This may b e  p a r t i a l l y  explained as 
t h e  r e s u l t  c f  t h e  more pronounced e f f e c t s  of r a d i a t i o n  as t h e  energy 
t r a n s f e r  due t o  conduction is decreased. 
2) The d e r i v a t i v e  of conductance wi th  r e spec t  t o  p re s su re  
should inc rease  toward i n f i n i t y  in t h e  l i m i t  as p re s su re  becomes 
l a r g e ,  and toward a small f i n i t e  va lue  as pressure  becomes zero 
(Figure 2-11) . 
3) The conductance should inc rease  as t h e  mean j u n c t i o n  temper: 
a t u r e  inc reases  (Figure 2-12) 
4) The d e r i v a t i v e  of conductance wi th  respec t  t o  p re s su re  should 
inc rease  as temperature inc reases  (Figure 2-13). 
5) The conductance, as w e l l  as t h e  d e r i v a t i v e  of conductance 
I 
with  respec t  t o  pressure ,  should be  greater f o r  smoother s u r f a c e s  
than f o r  rougher su r faces  (Figures 2-14 and 2-15). 
111. COMPARISON OF THEORIES 
The t h e o r i e s  presented i n  t h e  f i r s t  s e c t i o n  o f  t h i s  chapter  were 
analyzed i n  several ways. Some assumptions were f i r s t  made t o  reduce 
t h e  equations t o  similar condi t ions.  I n  t h i s  s e c t i o n ,  t h e  t h e o r i e s  
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are compared with each other and with published d a t a  obtained a t  
vacuum condi t ions.  F ina l ly ,  t h e  results of t h i s  a n a l y s i s  and com- 
par i son  with experimental d a t a  are used t o  show what t r ends  and 
c h a r a c t e r i s t i c s  should be expected of a theory f o r  t h e  p r e d i c t i o n  
of contac t  conductance. 
A m l i c a t i o n  i n  Vacuum Environments 
Considerable i n t e r e s t  has  been focused on contac t  resistance 
problems occurr ing  i n  aerospace app l i ca t ions .  Most of t h e  recent  
thermal contac t  conductance experimental  i n v e s t i g a t i o n s  have been 
conducted a t  vacuum condi t ions.  The usefu lness  of t h e  foregoing 
t h e o r e t i c a l  ana lyses ,  t he re fo re ,  w i l l  be  examined at  t h e s e  condi- 
t i o n s .  The e f f e c t  of convection is avoided i n  a vacuum environ- 
ment, thereby enabl ing a more thorough experimental  s tudy of t h e  
contac t  problem. Thus, i n  t h e  d i scuss ion  which fol lows,  t h e  gas 
o r  f l u i d  conduction terms w i l l  b e  e l imina ted  from t h e  conductance 
equat ions and a comparison made between t h e  s o l i d  conductance 
expressions.  
The expressions f o r  t h e  s o l i d  c7.>dcLiance taken from each au thor  
are given as follows: 
Cet inka le  and Fishenden [ equcitim (2-7) ] : 
"kh  
h = 2  -1 [ rd  - a] b Tan C 
a 
Tachibana [equation (2-11) ] : 
a2% 
h = 2  C 
b (6T + 6k) 
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Fenech and Rohsenow (equation (2-13)] : 
~~ 
1-CC h =  
&1 &2 1 1 c b  
2.4 + (-+-)  
C -+r
kl 2 kl kg 
Laming [equation (2-15) 1 : 
h -  
C 
Clausing and Chao [equation (2-1911: 
x < 0.65. 1/3 X = 1.285 [ - 2 x %  
7rb g(X) 
h =  
C 
I n  order  t o  reduce t h e  foregoing equat ions t o  a more use fu l  form, 
it is necessary t o  consider  t h e  phys ica l  contac t  s i t u a t i o n .  The area 
of t h e  t o t a l  solid-to-solid contact  may be w r i t t e n  as: 
2 A = n n a  
C 
The loads which may be supported by t h e  small contac t  spo t s  i n  t h e  
elastic deformation range are very  small. Thus, it may be assumed 
t h a t  t h e  pressure  a t  each contac t  spot  would be equal  t o  t h e  y i e ld  
pressure  of t h e  s o f t e s t  contac t  surface.  The y i e ld  pressure,  how- 
ever,  is near ly  equal t o  t h e  Meyer hardness, and t h e  load on the  
contact  i n  terms of known q u a n t i t i e s  may be w r i t t e n  as: 
= P A  = V C  a a  
The contact  area ratio may then be w r i t t e n  i n  terms of t h e  
apparenr i n t e r f a c e  pressure.  
P 
The contact  a r ea  ra t io  would vary as 
i f  t h e  s implifying assumptions concerning t h e  Meyer hardness a r e  a 
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considered v a l i d  [17, 581. Should t h e  coi.tact sur faces  be very 
smooth or  t h e  contact  subjected t o  very low load8, t he  deformation 
could be elastic. This would permit use of the Hertz equat ic r  f o r  
e las t ic  deformation /77] ,  and t h e  contac t  area r a t i o  would be 
proport ional  t o  Pa 2'3 [17]. 
There are, however, a number of f a c t o r s  involved i n  ac? : a l ly  
expressing the  sol id-sol id  contac t  area as a func t ion  of compres- 
sive load. A s u b s t i t u t i o n  f o r  t h e  contact  area r a t i o  o f t e n  made is: 
(2-23) 
where 5 is an  empirical deformation o r  accommodation coe f f i c i en t .  
This accommodation c o e f f i c i e n t  would be un i ty  i f  f u l l  p l a s t i c  flow 
exis ted  and no add i t ioua i  f a c t o r s  such as work-hardening or sur face  
f i lms  were present.  
Vickers o r  Meyers va lue  s i n c e  these  numbers are defined i n  terms 
The hardness number used should be e i t h e r  t he  
of t h e  projected area of indentat ion,  i.e., t h e  area ava i l ab le  f o r  
heat  t r a n s f e r  [58]. Generally, t he  value of t h e  accomnodation 
c o e f f i c i e n t  is less than un i ty  and i s  a r a t h e r  complex func t ion  of 
many f ac to r s .  
5 , :.:quation (2-23) w i l l  be v a l i d  for  both elastic and non-elastic 
Providing t h e  appropr ia te  funz t ion  is se lec ted  f o r  
sur face  deformation. 
The r e l a t ionsh ip  Involving pressure and hardness given above 
(or a similar func t ion  of pressure  developed by the  inves t iga to r s )  
was combined with t h e  conductance expreseion a t  vacuum condi t ions 
t o  y i e ld  t h e  following equations f o r  similar surfaces:  
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Cetinkale  and Fishenden: 
k P  
h a  
h =- 
- a ]  
-1 r 5 -5, a Tan [ d C 
a 
Tachibana : 
Fenech and Rohsenow : 
kh 'a - 
hc = (26 + 0.833a)E % F. 
Laming : 
2 k h  S i n  8 P a )1!2 
(1. - f )  
(2-24) 
(2-26) 
(2-27) 
Clausing and Chao: 
'a b 113 LE -1 
&CC - - 
E \z E cc 
0.8175 kh 
h =  
C b - 1.811 b [L + 0.6275 b [!? b 
(2-28) 
It has  genera l ly  been assumed that t h e  accommodation c o e f f i c i e n t s  are 
not func t ions  of pressure.  I 
Each of t h e  preceding expressions,  equat ions (2 -24)  through (2-25) 
is a func t ion  of pressure  t o  sone degree.  
then, t o  compare t h e  behavior of t hese  expressions a t  each of t h e  
l i m i t i n g  pressures, as w e l l  as t h e  mid-range values  shown i n  Figure 
2-10. 
indicate.  a constant  s lope ,  dhc/dP, however, t h e  poss ib l e  v a r i a t i o n  of 
6 or 6 with pressure  could be included t o  ;rovide b e t t e r  a g r e m e n t  
It would be i n s t r u c t i v e ,  
Analysis of equations (2-24), (2-25), and (2-26) appear to 
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with experiment. Without t h i s  considerat ion the  r e l a t i o n s h i p  of 
L z z i n ~  gives thc  cnnductance as dependent on t h e  square rc t of 
pressure whereas the  expression of Clausing r e s u l r s  i n  t h e  conduc- 
tance increas ing  much more rap id ly  as pressure  increases .  A t  t h e  
l i m i t  of zero pressure ,  a l l  of t he  above expressions y i e l d  a con- 
ductance cf zero. As load pressure increases  a l l  equat ions r e s u l t  
i n  an increas ing  value of conductance; however, t h e  Clausing equat ion 
approaches a l a r g e  value more rap id ly  than t h e  o t h e r s ,  and t h e  s l o p e  
a l s o  in t r easps  with pressure.  The Laming equation apprcaches a 
l a r g e  value less r ap id ly  than t h e  o t h e r  equat ions considered i n  t h e  
comparison. 
The conductance is not only a func t ion  of apparent  p re s su re  bu t  
a l s o  of t he  mean junc t ion  temperature -- though temperature does noL 
appear d i r e c t l y  i n  t h e  above expressions.  The temperature e f f e c t  
shows up as a v a r i a t i o n  of t h e  thermophysical p r o p e r t i e s  of t h e  t e s t  
material. Thermal conduct iv i ty  is one of t h e  p r o p e r t i e s  which is 
highly temperature dependent and is included i n  a l l  of t h e  above 
expressions.  I t  may be seen t h a t  t h e  conductance varies l i n e a r l y  
with thermal conduct ivi ty  and t h u s  i n d i r e c t l y  with temperature. 
As t h e  temperature increases ,  t h e  conductance inc reases ,  depending 
upon the  thermal  conductivity-temperature r e l a t i o n s h i p  (Figure B-3). 
Also, t he  contact  a rea  r a t i o  v a r i e s  inverse ly  with t h e  material 
hardnzss o r  modulus of e l a s t i c i t y .  As temperature increases  t h e  
modulus of e l a s t i c i t y  f o r  metals decreases  (Figure B-4), y ie ld ing  
a l a r g e r  contact area r a t i o .  
68 
Another important v a r i a b l e  a f f e c t i n g  t h e  contac t  conductance is 
t h e  s u r f a c e  condi t ion o r  e f f e c t i v e  gap thickness .  The s u r f a c e  can- 
d i t i o n  is genera l ly  a func t ion  of t h e  roughness and f l a t n e s s  devia- 
t i o n  and is represented i n  t h e  above equat ions by s e v e r a l  d i f f e r e n t  
parameters. The expressions of Cet inka le  and Laming are d i f f i c u l t  
t o  analyze s i n c e  no d e f i n i t e  terms are d i r e c t l y  r e l a t e d  t o  t h e  
e f f e c t i v e  gap th ickness .  Tine s u r f a c e  wavelengin and angle of 
o r i e n t a t i o n  are included i n  Laming's expression but  are not  com- 
parable  t o  t h e  s u r f a c e  f i n i s h  parameters of roughness and waviness . 
The expressions of Tachibana, Fenech, ana Ciaclsing do r eg resen t  t h e  
s u r f a c e  by an equivalent  gap th ickness  between su r faces .  
(2-25), (2-26) and (2-28) i n d i c a t e  t h a t  t h e  conductance is i n v e r s e l y  
Equations 
propor t iona l  t o  an equiva len t  gap thickness .  
of Tachibana, Fenech, and C l a w i n g  f o r  very smooth s u r f a c e s ,  t h e  
Examining t h e  equat ions  
expressions y i e l d  extremely l a r g e  conductance va lues  (or very low 
contact  r e s i s t ance ) .  
become i n f i n i t e .  
mental da t a .  
For p e r f e c t l y  f l a t  s u r f a c e s ,  t h e  exprdssions 
These t r ends  are also exhib i ted  by t h e  experi-  
For t h e  case of very rough su r faces ,  t h e s e  expressions 
y i e l d  q u i t e  low conductance va lues  (or high contac t  r e s i s t a n c e ) ,  
aga in  i n  accordance with t h e  da t a .  
Des i rab le  T r a i t s  f o r  Conductance P red ic t ion  Equations 
Of t h e  t h e o r e t i c a l  analyses  presented,  t h e  expressions of  
Tachibana, Fenech, and Clausing seem t o  b e  t h e  most u s e f u l  a t  vacuum 
condi t ions.  I n  p a r t i c u l a r ,  t h e  r e l a t i o n s h i p s  of Tachibana and Fenech 
show t h e  most s i m i l a r i t y ,  bu t  do not  show many of t h e  expected t r ends .  
69 
I f  t h e  accommodation c o e f f i c i e n t  in t h e  Fenech and Tachibana equations 
were permitted t o  be a funct ion of pressure ,  su r f ace  condi t ions ,  and 
temperature, perhaps c lose r  agreement between d a t a  and theo r i e s  could 
be expected.* The de r iva t ives  of conductance w i t h  respec t  t o  pressure  
and e f f e c t i v e  gap thickness would behave s a t i s f a c t o r i l y  if t h e  accoanmo- 
da t ion  c o e f f i c i e n t  w e r e  not a constant.  
adequately represents  t h e  magnitudes and t rends  expected a t  t h e  l i m i t i n g  
The Clausing equat ion more 
cases; however, t h e  l i m i t a t i o n  of X = 0.65 imposed on t h e  equation pre- 
vents  i t  from accura te  magnitude predic t ion ,  as w i l l  be  shown in Chapter 
IV. 
In summary, an equation for thermal contac t  conductance should: 
1) Reduce t o  an expression of t h e  form 
1 B a -  
C Bka 
in t h e  l i m i t i n g  case of  a single contact ;  
2) P r e d i c t  a n  inc rease  in conductance with apparent pressure  as 
a funct ion of Pn(n > 1). The d e r i v a t i v e  of conductance wi th  r e spec t  
t o  pressure should tend toward a s m a l l  f i n i t e  value a s  pressure  approaches 
zero,  and as pressure iscreases, t h e  s l o p e  should become i n f i n i t e ;  
3) Predic t  a r e l a t i v e l y  high conductance f o r  smooth su r faces  and a 
l o w  conductance f o r  rough sur faces .  The d e r i v a t i v e  of conductance wi th  
respect  t o  t h e  su r face  parameter should i n d i c a t e  t h a t  t h e  s l o p e  increases  
as t h e  su r face  approaches a p e r f e c t l y  f l a t ,  polished condi t ion,  and as 
t h e  su r face  becomes rougher, t h e  s lope  should approach zero; 
4) Predic t  an increase  i n  conductance with increased mean junc t ion  
temperature. 
* 
A modified accommodation c o e f f i c i e n t  including these  v a r i a b l e s  is 
developed i n  Chapter IV. 
C W T E R  I11 
EXPERIMENTAL lNVESTIGATION 
An experimental investigation was conducted to obtain contact 
resistance data in a vacuum environment. Data were obtained for 
aluminum, stainless steel, brass, and magnesium contacts with four 
different types of surface finishes. Apparent interface pressures 
ranged from 25 to 800 psi, and mean junction temperztures from -80°F 
to 320'F. The experimental apparatus is described in the first sec- 
tion of this chapter. Experimental data from the present investiga- 
tion are analyzed in the remaining section of Lhis chapter. 
I. EXPERIMENTAL APPARATUS 
The experimental apparatus used to fnvestigate thermal contact 
conductance was made flexible enough to subject the test specimens 
to various environmental and physical conditions. The instrumenta- 
tion incorporated in the apparatus was made sophisticated enough to 
insure accurate measurement of the test conditions. General speci- 
fications for the experimental apparatus were based on the experience 
and recommendations of Blum [14], Clausing and Chao [19,20], Fried 
[ 3 4 , 3 5 , 3 6 , 3 7 ] ,  Stubstad [ 7 2 , 7 3 ] ,  and others [38,48,50]. A photo- 
graph of the thermal contact resistance test facility is shown in 
Figure 3-1. A more detailed explanation of the construction and 
operation of this test facility is given by Abbott 113 and Smuda, 
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et a1 [ 6 9 ] .  
Vacuum System 
A vacuum system was incorporated into the experimental apparatus 
for two primary reasons. First, the interstitial fluid present in an 
interface transfers heat across the junction by convection. It was 
desirable to eliminate all modes of energy transfer but conduction. 
Second, contact conductance is of vital concern to the space industry 
because it has a substantial effect on the heat transfer in, and the 
heat dissipation from space vehicles. Hence, it was necessary to 
simulate a space environment as nearly as possible by using a vacuum 
chamber for the investigation of interface conductance. 
AscoliandGernagnoli [8] ,  Shlykov and Ganin [67], and Stubstad 
[ 7 2 ]  have shown that the convection or conductivity effect of gas 
begins to decrease at approximately 70 Torr and measurably disappears 
at 10-1 Torr. 
range of 
fluids. 
ility [ll, 2 4 ,  631, a system capable of operating in the range of 
Other investigators have stated that a vacuum in the 
Torr is sufficient to negate the effect of interstitial 
Since a small prezsure gradient exists in any vacuum fac- 
Torr or lower was constructed. 
This vacuum system was composed of a bell jar and base piate, 
an o i l  diffusion pump, a mechanical forepump, a chevron cooling 
baffle, high vacuum valves, and appropriate vacuum measuring devices, 
as recommended by Dushman [ 2 7 ] ,  Lafferty [ 5 4 ] ,  and others. 
of the vacuum system have been given by Smuda, et a1 [ 6 9 ] .  
of the system generally yielded a chamber pressure on the order of 
Details 
Operation 
73 
-6 1 x 
Torr after twelve hours of operation. 
Torr after two hours of operation, and as low as 1 x 10 
- Test Specimens 
Design of the test specimens was a major consideration for 
several reasons. First, their size and shape dictated the design 
criteria for most of the other test section components. 
the technique used to evaluate the thermal contact conductance 
required uniform heat flux above and below the interfaces. 
it was desirable to obtain as much data as possible for each speci- 
men test, since the time required to reach steady state conditions 
varied from three to twelve hours or more. 
Second, 
Finally, 
A basic cylindrical configuration was specified and fabricated 
in three pieces.* 
column under axial load with the contacting surfaces located at two 
stations along the column. 
in the vacuum chamber as shown in Figure 3-2. 
These components were installed as a vertical 
The completed specimen system was located 
Apparatus Instrumentation 
The validity of the results obtained by experimentation depends 
greatly upon the accuracy of the instrumentation used. Instrumenta- 
tion is required for the measurement of the heat flux (i.e., the 
electrical power input), the force applied to the interface, temper- 
atures, and other variables. 
~~ 
* Detailed drawings are given in Appendix B. 
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(1) Nitrogen Load Bellows (7) Passthroug, Bellows 
(2) Heat Sink (8) Load Cell 
(3) Test Specimens (9) Mechanical Screw-Jack 
(4) Heat Source (10) Guide Plate 
(5) Guard Heater (11) Support Rods 
(6) Base Plate (12) Support Plate 
Figure 3-2. Schematic Diagram of the Experimental Apparatus. 
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In l i g h t  of t he  requirements es tab l i shed  by the  heat  source 
loca t ion ,  the  temperature cri teria,  and t h e  dimensions of t h e  speci-  
mens, a 300 watt Acrawatt s t r a p  type c i rcumferent ia l  hea te r  w a s  used 
as the  s o u x e .  The hea t  source w a s  insu la ted  and surrounded by 
aluminum f o i l  t o  reduce r a d i a l  heat  losses .  The hea t  s ink  was 
constructed from a c y l i n d r i c a l  copper block, d r i l l e d  and tapped t o  
accept t h e  threaded end of the  metal tes t  specimen. 
c o i l  was silver soldered t u  t h e  ou t s ide  sur face  of t h e  copper cyl inder .  
Water and l i q u i d  n i t rogen  were used t o  provide a wide v a r i a t i o n  i n  
the  test  temperatures. 
A copper cool ing 
The source end of t h e  specimen with band hea ter  was insu la ted  
To s h i e l d  o the r  a x i a l l y  and r a d i a l l y  t o  minimize t h e  hea t  losses .  
components and f u r t h e r  reduce t h e  lo s ses ,  an  aluminum r a d i a t i o n  
sh ie ld  w a s  located about one inch away from t h e  insu la ted  heater .  
An aluminum cap was placed on top of t he  cy l inder  formed by t h i s  
ou ter  sh i e ld  t o  prevent r a d i a t i o n  t o  t h e  instrumented sec t ion  of 
the specimen. 
l a y e r s  of one-sixteenth-inch aluminum shee t ing  and asbestos  board 
in su la t ing  material. 
d i s k s  f o r  monitoring t h e  axial temperature gradient .  
The axial i n s u l a t o r  was composed of a l t e r n a t i n g  
Thermocouples were located i n  t h e  aluminum 
For b e t t e r  con t ro l  of the  heat  l o s s e s  from t h e  source,  an axial 
guard heater was i n s t a l l e d  below the  in su la to r .  
provided a p o s i t i v e  means of con t ro l l i ng  t h e  conduction heat l o s s e s  
along the  specimen by accura te  con t ro l  of the  temperatures on each 
s i d e  of t he  a x i a l  i n su la to r .  This temperature con t ro l  reduced t h e  
time necessary f o r  e s t ab l i sh ing  s teady state conditions.  
The guard hea ter  
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A regulated doc. voltage power supply was used to provide power 
for the main heater [70]. Shunts were used to permit current and 
voltage measurement on a millivolt potentiometer, thus increasing 
the resolution of the measurements. 
The apparent mechanical pressure applied to an interface ha3 a 
major influence on the resulting thermal contact conductance. 
load application to the test specimens, a high presswe nitrogen gas 
bellows chamber was constructed as an integral part of the test 
apparatus. 
the nitrogen gas pressure in the bellows chamber. 
sense, apparent interface pressure is defined as the load force 
divided by the cross-sectional area of the cylindrical test speci- 
mens. 
located in the specimen column, and a strain indicator. 
For 
The effect of load pressure was determined by varying 
In the present 
The load force was determined from a compression load cell 
Specimen Preparation 
The finish of bare junction surfaces has a strong effect on the 
interface conductance [13, 57, 84, 851. Since one of the objectives 
of this investigation was to obtain experimental data for the develop- 
ment of a semi-empirical equatian for the prediction of contact con- 
ductance, it was desirable that a wide range of surface finishes be 
used. Three different surface finishes were therefore selected for 
each test material; one as smooth as could reasonably be obtained, 
a second moderately rough, and a third extremely rough. 
All surfaces were finished on a lathe, layped with a fine 
lapping compound, as described by Smuda, et a1 [ 6 9 ] ,  and polished 
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on emory paper. 
sanding the previously polished sur faces  with "3M" Gacnett paper  
(grade 7WCE2), yie ld ing  a sur face  with scra tches  of random orienta-  
t ion .  
polished sur faces  with a small ball-peen hammer. These th ree  types 
of sur faces  represented a wide range of su r face  f i n i s h .  
The moderately rough sur faces  were f in i shed  by 
An extremely rough set of sur faces  was made by peening the  
The sur face  f i n i s h  is usua l ly  described by t h e  rms, roughness 
and t h e  waviness o r  f l a t n e s s  devia t ion  [ 4 ] .  
and d i s t i n c t  cha ra - i e r i s t i c s .  
a measure of t h e  f in i sh ing  process. 
waviness is considered t o  be t h e  v a r i a t i o n s  i n  the  o v e r a l l  sur face  
configurat ion t h a t  r e s u l t  from such things as warping o r  per iodic  
o s c i l l a t i o n s  i n  t h e  f i n i s h i n g  process. 
These are two separa te  
Surface roughness is considered t o  be 
On t h e  o the r  hand, sur face  
The specimen su r face  measurements f o r  t h i s  i nves t iga t ion  were 
made using both a Bendix Micrometrical Prof icorder  and Profilometer.  
Since the  r e s u l t s  given by Prof icorders  and Profi lometers  represent  
only one trace across  the  sur face ,  several traces were made on each 
type of sur face  t o  assu re  t h a t  t h e  measured f l a t n e s s  devia t ion  and 
roughness would be representa t ive  of t h e  surface.  
trace was then made f o r  each specimen sur face  used i n  t h e  invest iga-  
t ion.  
sur faces  a i z  l i s t e d  i n  Appendix B. 
A t  least one 
The r e s u l t i n g  f l a t n e s s  deviaidon and roughness for t h e  test 
Temperature Measurement 
The accuracy of t h e  determination of i n t e i f a c e  contact  resistance 
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is greatly dependent on the accuracy of the temperature measurements. 
Hence, ;he precision of the thermocouples and thermocouple readout 
system were of major importance in the experimental program. 
30 gage copper-constantan thermocouples were selected since they were 
easy to fabricate and dependable over the range of temperatures from 
-300 to 750'F. 
when calibrated [ 6 9 ] .  The thermocouple outputs were measured with a 
Leeds and Northrup Model 8686 millivolt potentiometer. 
tainty of the potentiometer was five microvolts, which represents 
0.2'F for the copper-constantan thermocouples through she range of 
temperatures considered [ 6 6 ] .  
Number 
These thermocoudes exhibited an accuracy of +0.5"F 
The uncer- 
Abbott [l] tried szveral techniques for the fabricatfon of 
thermocouples and found that the best "esults were obtained when 
the bare parts of the wires were twisted tcge:FLer tightly for about 
one-fourth of an inch, the joint silver-soIdered, and the excess 
wire cut off to the point where the wires r ~ s t  made contact. 
procedure was used for the construction of a3.1 thermocouples used 
in this investigation. 
they were checked for continuity, 
This 
After the thermocouples were fabricated, 
To measure the center-line -2mperatures of t : , L  s+cimen, 
thermocouples were mounted in holes 0.046 inches in diameter and 
0.531 inches deep. The leads were wrapped once around the specimen 
to minimize heat losses through the wire [lo, 23, 491. The thermo- 
couples were held in position by packing them in the holes with 
alumi. un powder. 
that the thermoeoupie and insulation vere not damaged during this 
A considerable amount of care ;Jas taken to insure 
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operation. 
and after installation. If the resistance varisd between the read- 
ings, it was assumed that damage had occurred and the thermocouple 
was then replaced. 
The resistance of each thermoccuple was checked before 
The surface temperatures were measured by placing thermocouples 
'n holes 0.046 inches in diameter and 0.062 inches deep, diametric- 
~ l l y  opposed to the middle center-line hole in each specimen. 
leads were wrapped M c e  aromd the specimen for the purpose of 
minimizing heat losses and for support of the thermocouple lead wire. 
The 
inermal Conductivity 
Since the thermal conductivity of ;luninum 2024 varies consider- 
ably with heat treatmeut, experimental condv. .'vity data were obtained 
for the aluminum used in this investigation to affirm the use of 
published values [as]. The thermal conductivities for the other 
test materials do not change appreciably with heat treatment; there- 
fore handbook values were used. 
brass rlloy 271, magnesium AZ3lB, and stainless steel 304 used in 
this investigation are given in Appendix B. 
The conductivities for aluminum 2024, 
Development Tests 
The effects produczd by the installation of radiation shields, 
guard heaters, and insulation, by polishing the surface of the 
specimen. and by various heater installation techniques were 
evaluated experimentally in a serles of tests conducted by Abbott 
[l]. The tests were selected so that the results could be directly 
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compared t o  i nd ica t e  the  r e l a t i v e  e f f ec t iveness  of each test sec t ion  
configurat ion.  Clausfng and Chao [20 ]  ind ica ted  t h a t  heat l o s s e s  
irom the  test  specimens were a major so.Jrce of concern because such 
losses created a non-uniform heat  flow. Hence, t h e  reduct ion of sur face  
heat l o s ses  was t h e  p r i n c i p a l  f a c t o r  considered i n  deciding which of t h e  
test sec t ion  configurat ions w a s  t h e  most des i r ab le .  
A series of tests w a s  performed using t h e  experimental appara- 
t u s  to determine a s u i t a b l e  test s e c t i o n  Configuration f o r  t h e  th ree  
component specimens. Several d i f f e r e n t  r a d i a t i o n  s h i e l d  combinations 
were tested t o  determine which type of s h i e l d  would minimize t h e  sur- 
f ace  heat  l o s s e s  and permit a more uniform temperature g rad ien t  i n  
the  test specimens. The r e s u l t i n g  sh ie lds ,  composed of aluminum f o i l  
and WRP F e l t ,  were secured around t h e  heated specimen, and a s p l i t  
aluminum and mica d i s k  w a s  placed across  the  top of t h e  lower s h i e l d  
t o  completely enclose the  heated specimen withoct touching it. 
photograph of t he  assembled test s e c t i o n  is shown in Figure 3-3. Use 
of t h i s  test sec t ion  yielded r e l a t i v e l y  uciform temperature g rad ien t s  
with minimum h e a t  losses .  
A 
T e s t  Program -
To determine contact  conductance values  experimentally for 
comparison with other  da ta ,  s e v e r a l  v a r i a b l e s  had t o  be measured. 
The apparent pressure a t  t h e  i a t e r f a c c ,  t h e  temperature g rad ien t s  
i n  the specimens, and t h e  power input  were measured for each steady 
state pos i t ion .  The length of t i m e  required t o  ob ta in  steady state 
condi t ions ranged from two t o  twelve haurs f o r  each da ta  point .  A 
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detailed explanation of th, operating procedure is given by Smuda, 
et a1 [ 6 9 ] .  
The apparent interface pressure was varied from approximately 
30 to 800 psi. 
tained at approximately 250'F when using the water coolant and 80°F 
kher The power was varied as 
necessary t o  maintain the appropriate temperatures in the center 
specimen. 
The temperature in the center specimen was main- 
-ing the liquid nitrogen coolant. 
The results of these tests are tabulated in Appendix B. 
A heat loss calibration was made for each specimen material 
in order to determine the heat flux in the specimens. 
was found to compare favorably with the heat flux calculated using 
the t h e m 1  conductivity and temperature gradient. 
This value 
11. ANALYSIS OF THE EXPERIMENTAL DATA 
The experimental data of the present investigation were analyzed 
i n  the manner described in Chapter 11. 
trends of these data were compared with the criteria established. 
The results for aluminum, stainless steel, brass, and magnesium are 
presented here with discussion of their individual characteristics. 
Both the magnitudes and 
Aluminum 
The contact conductance for annealed aluminum 2024 is shown as 
a function of pressure in Figure 3-4.  Data for all four surfaces 
as well as different mean junction temperatures are given for pur- 
poses nf  comparison. The spread between the conductance curves is 
attributable to the wfde range of both surface parameter (defined in 
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Chapter 11) and mean junc t ion  temperature. 
Several  check runs were made f o r  t h e  aluminum data .  These are 
noted by the  flagged symbols i n  Figure 3-4 .  
these check data po in t s  were obtained is given i n  Appendix B. 
should be noted t h a t  t h e  check runs f o r  t h e  rough and smooth-to- 
rough su r faces  were repea tab le  wi th in  5 percent.  
t he  low temperature smooth and medium sur faces  were obtained a t  
pressures  d i f f e r e n t  from those of t h e  o r i g i n a l  da t a ,  i n  order  t o  
f i l l  ou t  t he  curve. 
of t he  curve through t h e  o r i g i n a l  d a t a  points .  
The manner i n  which 
It 
The check runs f o r  
These check d a t a  po in t s  f e l l  wi th in  7 percent 
The aluminum d a t a  e x h i b i t  t h e  t r ends  required by t h e  cr i ter ia  
of Chapter 11. The conductance approaches i n f i n i t y  as pressure  
increases, and as pressure  tends toward zero,  t he  da t a  seems t o  
approach a f i n i t e  value.  Further ,  t h e  e f f e c t  of mean junc t ion  
temperature is apparent i n  t h a t  f o r  similar sur face  condi t ions,  t h e  
low temperature curve is s l i g h t l y  lower than t h e  high temperature 
curve. 
explained by t h e  v a r i a t i o n s  i n  t h e  range of t h e  mean junc t ion  temp- 
e ra tu re .  
The v a r i a t i o n s  i n  t h e  d i s t ance  between t h e  curves may be 
The d e r i v a t i v e  of condactance with respecc t o  apparent i c t e r f a c e  
pressure  ( i .e . ,  t h e  s lope  of the  curves i n  Figure 3-4) appears t o  
increase  as pressure becomes la rge .  This increase  is  more rapid f o r  
t h e  smoother than f o r  t h e  rougher sur faces .  I t  may a l s o  be noted 
t h a t  t h e  s l o p e  increases  f o r  increased mean junc t ion  temperature. 
A majori ty  of these aluminum d a t a  appear t o  be acceptable ,  
although some s c a t t e r  exists i n  t h e  d a t a  f o r  smoother sur faces .  This 
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ciexpiainable scatter for smooth surfaces has also been experienced 
by other investigators (19, 263. 
Stainless Steel -- 
Conductance data for stainless steel is shown as a function of 
apparent interface pressure in Figure 3-5. 
contacts show little difference between the high and l o w  mean junc- 
tion temperature runs. 
curves exhibit a much greater ctwpde in rhmductance with mean 
junction temperature. These differences m y  ' - <  sLtributed to the 
variation of thermal conductivlty with temperature, and the magni- 
tude of the mean junction temperature. 
The smooth and rough 
The medium and smooth-to-rough contact 
The data are relatively consistent and exhibit the trends 
which would be expected. The trends of the conductance and deriva- 
tives of the conductance with respect to pressure, temperature, and 
surface karameter behave in the same manner as those for the aluminum 
data. 
The stainless steel data appear to be among the most accurate 
and consistent of all the data, and satisfy the criteria established 
in Chapter 11. 
Brass 
The brass data are presented as a function of apparent interface 
pressure in Figure 3-6. Like aluminum and stainless steel, the 
conductance and derivatives of the conductance are consistent wit-, 
the criteria established in Chapter 11. Note that the effect of mean 
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Figure 3-6. Variation of Contact Conductance with Apparent 
Interface Pressure for Brass Alloy 271. 
j unc t ion  temperature is qai te  prominent. The average d i f f e r e n c e  be- 
tween mean junc t ion  temperature f o r  ho t  and cold d a t a  of t he  same 
s u r f a c e  i s  approximately 175'F. 
causes the spread i n  t he  curves.  As expected, t h e  smooth s u r f a c e  
curves approach i n f i n i t y  more r ap id ly  than those f o r  t h e  rougher 
su r faces ;  however, a l l  curves show an increas ing  s lope  with in-  
c r eas ing  pressure.  
This d i f f e rence  i n  temperature 
The b r a s s  d a t a ,  then,  are cons i s t en t  both i n  t rend and magnitude. 
These d a t a  a l s o  appear t o  compare w e l l  w l th  t h e  t r ends  of t h e  alum- 
inum and s t a i n l e s s  s teel  d a t a  of t h i s  i nves t iga t ion .  
Magnesium 
The conductance d a t a  f o r  magnesium AZ31B presented as a func t ion  
of apparent i n t e r f a c e  pressure  i n  Figure 3-7, are not as c o n s i s t e n t  
as those f o r  t h e  o t h e r  test materials. P r i o r  t o  the  experimental  
t e s t i n g ,  i t  was noted t h a t  a s l i g h t  oxide f i l m  was present  on t h e  
smooth and medium su r faces .  The su r faces  were then polished and 
thoroughly cleaned, bu t  t he  e f f e c t  of t he  s u r f a c e  f i l m  apparent ly  
was n a t  completely removed. The presence of a v i s i b l e  oxide f i lm  
on magnesium surfaces w a s  a l s o  noted by Clausing and Chao [20]. 
The e f fec t  of t h i s  f i lm  on t h e i r  experimental  d a t a  w a s  t r e a t e d  i n  
Chapter 11. 
The low temperature d a t a  for t h e  smooth surface d o  no t  Ggree 
i n  magnitude with t h e  high temperature da t a .  However, t h e  s lopes  
of t h e  two smooth s u r f a c e  curves do show good agreement. The 
disagreement of t h e  smoother su r face  d a t a  r e sd t s  from a discrepancy 
i n  t h e  ter,,perature drop ac ross  
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t h e  i n t e r f ace .  Spec i f ic  reasons f o r  t h i s  discrepancv have not been 
found, although severa l  p o s s i b i l i t i t J  e x i s t .  The smooth surfdces  could 
have been contaminqted, o r  t h e  sur faces  misaligned. The data may 
have been taken a t  o ther  than s teady-state  conditions;  however, r e s u l t s  
f o r  t he  medium surfaces appear t o  be s a t i s f a c t o r y .  
The s lopes of t he  curves f o r  magnesium i n  Figure 3-7 appear t o  
increase  as pressure becomes la rge .  The e f f e c t s  of mean junc t ion  
temperature and sur face  parameter are a l s o  apparent. The t rends 
exhibi ted by these  magnesium d a t a  compare favorably with the  c r i t e r i a  
for experimental da t a  es tab l i shed  i n  Chapter X I .  
Dissimilar Metals 
Although ?he ob jec t ive  of t h i s  work w a s  w i  t o  stwly the  e f f e c t s  
of d i s s imi l a r  metals, a series cf dztc: YLEC cbtafaed fo r  two aidminum- 
s t a i n l e s s  steel junct ions.  These junc t ions  were *:ornpcsed of a smooth 
s t a i n l e s s  steel sur face  aga ins t  3 rough aluminum sur face  (SSl+ AL5), 
and a rough alumiwm sur face  aga ins t  a rough s t a i n l e s s  steel sur face  
(AL6 -t SS7) .  The Yeat f l u x  passed from s t a i n l e s s  t o  aluminum and 
from aluminum t o  s t a i n l e s s ,  respec t ive ly .  
tabulated i n  Appendix B and shown graphica l lv  i n  Figure 3-8. 
The remiltant data  are 
The r e s u l t s  appear t o  be cons is ten t  in t h t  t h c  data f a l l  i n  a 
smooth curve. 
metals, increases  as pressure  becomes la rge .  The magnitude of t he  
The s lope  of t hese  curves, l i k e  those for similar 
smmth-to-rough da ta  is l a r g e r  thaz that, cf t h e  rntrgh sur face  da t a ,  
i n  con t r a s t  t o  the  da t a  shown i n  Figure 3-4 through 3-7, as i f  t he  
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surface paraEeter for the? harder material is predominant. 
Surmcary 
The experimental contact conductance data for aluminum, stainless 
steel, brass, and magnesium are consistent and behave as expected, with 
few exceptions. 
with the criteria established in Chapter 11. 
to establish the constants of a semi-empirical relationship for the 
prediction of contact conductance. 
These data campare well both in magnitude and trend 
These results were used 
CHAPTER I V  
ANALYSIS AND DISCUSSION 
Numerous approaches t o  the  problem of p red ic t ing  thermal contact  
r e s i s t ance  of bare metallic sur faces  have r e su l t ed  i n  s e v e r a l  semi- 
e m p i r i c a l  equations,  as discussed i n  Chapter 11. Although some 
authors  s t a t e d  tha t  good co r re l a t ion  ex i s t ed  between t h e i r  theory 
and experiment, the c o r r e l a t i o n  w a s  genera l ly  l imi t ed  to those d a t a  
obtained by t h e  p a r t i c u l a r  author.  I n  t h i s  chapter  an attempt is 
made t o  analyze c a r e f u l l y  those theo r i e s  exh ib i t i ng  some success ,  
and where poss ib le ,  t o  extend t h e  theor ies  f o r  purposes of more 
general  appl ica t ion .  I n  add i t ion ,  a dimensionless c o r r e l a t i o n  f o r  
t h e  p red ic t ion  of contact  conductance is developed. The r e s u l t s  
of t h i s  c o r r e l a t i o n  are then compared with previous theo r i e s  and 
experimental da ta .  
I. PUBLISHED THEORIES 
The eiipr~ssiofi~ f o i  ~ ~ i i t a ~ t  cijiiR*ictar:ce d e v e l u p d  by Ceti i ikaie  
and Fishenden [17] and Laming (551 do not lend themselves t o  compari- 
son w i t h  experimental data due t o  lack of information regarding t h e i r  
ccnsti ixts.  Since the expression developed by Tachibana [74) behaves 
much l i k e  t h a t  of Fenech, only t h e  expressiocs  developed by Fenech 
afid Rohsenow [ 3 2 )  ar.d Clausing and Chi0 ( 2 0 )  w i l l  be discussed.  
9 4  
Comparisons with experimental da t a  w i l l  be made t o  e s t a b l i s h  the 
degree t o  which thermal contact  conductauce can be predicted using 
these  equations.  
Fenech and Xohsenow -- 
The approach and assumptions used by Fenech i n  h i s  a n a l y t i c a l  
treatment of contact  conductance were reviewed i n  Chapter 11. To 
f u r t h e r  s u b s t a n t i a t e  h i s  a a l y s i s ,  Fenech obtained experimental da t a  
from nm-ideal ized metallic sur faces  i n  contact  and compared these  
d a t a  with h i s  theory. P.esults of t hese  tests showed exce l l en t  agree- 
ment considering t h e  degree of uncer ta in ty  i n  the  high ccz2uctance 
measurements and the  l imi ted  amount of da ta  obtained i n  Fenech's 
inves t iga t ion .  
The bas i c  equation f o r  contact  conductance derived by Fenech 
w a s  given i n  equation (2-13). This equation, reduced t o  vacuum 
condi t ions by Henry and Fenech [45], is given as: 
h =  
C 
a 
1 - c i  1 IC) I t  L % +  6 2 + ( - + - ) - ( E )  1 1 1 
k, kC) kl k2 4.26 n 
- -  
(4-1) 
I L 
For the  case of similar su r faces ,  b1 = 6 2  = hFR, and introducing 
the  mean harmonic thermal condur.tivi t y I  equation ( b - 1 )  reduces to:  
a 
'h i-rx 
a 1 / 2  h =  + 0.47 ( - ) C 26 FR n 
This form of the equation is not  usefu l  f o r  c a l c u l a t i o n  of 
contact  conductance s i n c e  the  values  fo r  the  area r a t i o  and the  
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number of contact spots are not known, Fenech states that for the 
results of his armco iron-aluminum data, the radius of the contact 
spot and the number of spots could each be represented as a function 
of the apparent interface pressure. 
for these variables would only apply to his particular data, as 
The relationships he developed 
indicated by Bloom [13]. Determination of the number of contact 
spots and the contact area ratio by use of Fenech's graphical 
technique is tedious and would be impractical for actual engineering 
application. 
The denominator of the above expression may be further simplified 
The conductance expression then becomes: by substituting for a and n. 
a 
kh -- 1 - a  h =  
C 2gFR + 0.833 a (4-2) 
Fenech suggested that the contact area ratio could be represented by 
the ratio of apparent interface pressure to material hardness. The 
validity of this assumption, however, is limited to the higher pressure 
ranges. 
requires the use of an accommodation coefficient, as discussed in 
Chapter 11. 
imately equal t o  a since a is very smell. 
Substitution of such a ratio for the contact area generally 
Fenech has assumed that the fraction a - a is approx- 
Applying this simplification 
to equation (2-23), the contact conductance expression may be written 
as: 
k P  m a  
(26 + 0.833a)c % h =  C (4-3) 
The resulting expression appears easy to use; however, several unknown 
values remain. For purposes of the present investigation: the 
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effective gap thickness and contact spot radius were seiected as 
the flatness deviation and roughness deviation, respectively, as 
suggested by Clausing and Chao [19,20]. The remaining unknown 
quantity, the accommodation coefficient, was then determined by 
an empirical fit of the published experimental data given in 
Appendix A .  
By fitting the data with the above expression, it was necessary 
that the accommodation coefficient be a function of apparent inter- 
face pressure, the flatness deviation, and the modulus of elasticity. 
The coefficient appears to be a strong function of flatness deviation 
and a relatively weak function of pressure and modulus of elasticity. 
The empirically determined coefficient was 
5.3. - 5.66 x IO3 'a
(4.4) 
- 
E - 
0.257 log(FD) FD [ = e  
T'le refinement of this accommodation coefficient was discon- 
tinued since the basic form of the equation did not have the correct 
pressure dependence for low pressures. 
did not represent a sufficient range of mean junction temperatures 
to enable determination of a temperature effect. 
for calculating contact conductance in terms of generally reported 
quantities may be founu by combining equations ( 4 - 3 )  and ( 4 - 4 ) .  
Furrher, published data 
The expression 
In order to determine the effectiveness of this expression, 
it must be analyzed in terms of the criteria established in Chapter 
As pressure increases, the conductance increases t o  infinity and - 7  
zi. Toes to zero the conductance goes to zero. 
97 
It w i l l  be noted,  too,  t h a t  the expression does not s a t i s f y  the 
c r i t e r i a  f o r  temperature and s u r f a c e  f i c i s h  e s t ab l i shed  i n  Chapter 
11. 
Figures 4-1 and 4-2 show comparisons made with experimental  
da ta .  
conductance d a t a  of o t h e r  i n v e s t i g a t o r s  (Appendix A ) .  The modified 
Fenech equat ion does show t h e  same t rend as t h e  data; however, as 
pressure  becomes small t h e  curve of t h e  modified theory dev ia t e s  
from t h e  d a t a  by a considerable  amount. 
p red ic ted  by t h e  equat ion I s  s a t i s f a c t o r y  f o r  mid-range d a t a .  It 
dev ia t e s  appreciably,  however, f o r  extremely smooth and extremely 
rough sur faces .  I t  should be noted t h a t  t h e  agreement is b e t t e r  
f o r  aluminum than f o r  o t h e r  materials. 
Those d a t a  presented i n  Figure 4-1 represent  s e l e c t e d  mid-range 
The o rde r  of magnitude 
The comparisons wi th  d a t a  of t h e  present  i n v e s t i g a t i o n ,  shown 
i n  Figure 4-2, follow t h e  same t rends  as those  i n  Figure 4-1. Again 
t h e  m g n i t u d e  and s lopes  show b e t t e r  agreement wi th  aluminum than 
w i t h  e t h e r  da t a .  
however, is not  very c lose .  
The order  of magnitude p red ic t ion  f o r  most d a t a ,  
The modified Fenech equat ion was developed i n  order  t o  see how 
c lose ly  conductance va lues  could b e  predicted from an  expression 
obtained by a d i r e c t  fit of experinental data. Since many s i n p ? i f y -  
ing  ass p t ions  have been made i n  determinat ion of t h e  accmmodation 
c o e f f i c i e n t ,  i t  would appear t h a t  equat ion (4-5) would only p r e d i c t  
o rder  of magnitude conductance d a t a  a t  b e s t .  
t i o n  would be  v a l i d  only f o r  a l imi ted  range of prebsures and temp- 
e r a t u r e s ,  d u e  to t h e  l i m i t a t i o n s  of t h e  o r i g i n a l  equation. 
Even then,  i t s  predic- 
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Clausing and Chao --
The theoretical analysis presented by Clausing was justified 
by comparison with experilnental data for several different metals. 
The data obtained in his experimental investigation were limited 
to contacting surfaces in which the macroscopic resistance was 
dominant. 
and experimental data of all test materials when comparing Clausing's 
dimensionless conductance with the elastic conformity modulus, good 
magnitude prediction of contact conductance was possible only for 
Although fairly good agreement was found between theory 
a few isolated sets of data. 
The macroscopic contact 
C 
h 
conductance was given as: 
lrlr 
where the series g(X) is given in equation (2-46) .  
that the total flatness deviation would be the sum of the surface 
flatness deviations,and that the radius of the contact spots could 
be represented by the rms surface roughness. 
for Clausing's experimental data are listed in Appendix A. 
in the appendix are the surface parameters, thermal conductivity, 
and modulus of elasticity. 
a digital computer to psrmit analysis of CLausing's experimental 
data and theory, and data from other investigators. 
Clausing assmed 
The test parameters 
Included 
The above equations were programmed on 
Figure 4-3 shows the reciprocal of the dimensionless conductance 
(the equivalent length per unit radius) compared with the elastic 
conformity modulus for brass, stainless steel, magnesium, and aluminum, 
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as presented hy Clevsing. I t  should be pointed out tha t  although the 
theory and experimental da ta  appear t o  agree w e l l ,  the  da t a  shown are 
only for rougher sur faces .  
Contact conductance values  f o r  brass ,  s t a i n l e s s  steel ,  and 
magnesium da ta  are p lo t t ed  as  a func t ion  of apparent pressure i n  
Figure 4-4. 
ductance values predicted by equacion ( 4 - 6 ) .  
for  b ra s s  show the  same trend and approximate magnitude as the 
experimental data f o r  t h e  range of pressures  59 t o  1,000 psi. 
t h e o r e t i c a l  values  f o r  magnesium a l s o  show t h e  same trend as the 
experimental data;  however, t h e  theory does not adequately p red ic t  
magnitude values ,  e r g e c i a l l y  f o r  ancather surfaces .  A t  pressures  
below f i f t y  p i i ,  t h e  experimental da t a  dev ia t e  appreciably from t h e  
predicted valueg. For s t a i n l e s s  steel, extreme devia t ions  occur below 
100 p s i .  The predicted va lues  f o r  smoother s t a i n l e s s  steel sur faces  
terminat2 a t  approximately 250 p s i .  The theory, then, is  appl icabl?  
only f o r  t h i s  small range of pressure.  
These experimental da t a  are compared with contact  con- 
The t h e o r e t i c a l  c u m e s  
The 
Comparison of experimental d a t a  with theory f o r  aluninum is 
shown I n  Figure 4-5. 
f l a t n e s s  devia t ions  of 220 t o  230 microinches and sur face  roughness 
devia t ions  g rea t e r  than twelvp microinches show f a i r  agreement with 
theory. 
p s i .  
approximately 600 p s i ) ,  t he  curve deq ia t e s  from t h e  experimental da t a  
i n  an exponentially increasing manner. 
with his da t a  ind ica t e s  t h a t  t h e  range of a p p l i c a b i l i t y  is g r e a t l y  
It may be noted t h a t  t he  d a t a  f o r  sur face  
This agreement holds only f o r  precsures between 100 and 500 
When the  theory is extended beyond Clausing's l i m i t  (X = 0.65, 
Comnariacn of Clausing's t h m r y  
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influenced by t h e  f a c t o r  X. Further  a n a l y s i s  of t h e  macroscopic 
conductance shows that some of t h e  experimental d a t a  obtained by 
Clausing do not  vary c c n s i s t e n t l y  with t h e  f l a t n e s s  d e v i a t i m  as 
might be expected. 
e t  a1 [ 6 9 ] .  
This  p e c u l i a r i t y  i n  t h e  d a t a  is discussed by Smuda, 
Aluminum d a t a  obtained a t  Arizona S t a t e  Universi ty  are a l s o  
compared with Clausing's theory i n  Figure 4-5. 
equation shows b e t t e r  agreement with t h e s e  smooth su r face  da t a  
than with h i s  own da ta  f o r  similar su r face  condi t ions.  For both 
Clausing's data and t h a t  obtained a t  Arizona St,ate Universi ty ,  t h e  
pred ic ted  va lues  f o r  t h e  conductance of smooth sur faces  diverges  
s u b s t a n t i a l l y  and over-predicts t h e  magnitude by f a c t o r s  of t e n  o r  
more. 
Note t h a t  h i s  
There may be several reasons why t h e  Clausing equation does not  
b e t t e r  p red ic t  t h e  experimental da ta .  
technique used i n  obtaining t h e  da t a  d id  :\.-)t permit accura te  align- 
ment of t h e  specimens, t hus  causing some e r r o r  i n  t h e  assumed region 
of contact .  More l i k e l y ,  t h e  elastic conformity modulus may not 
properly represent  t h e  pressure-surface dq?sndence. 
Per taps  t h e  experimental 
Other f a c t o r s  may inf luence the  usefu lness  of t h e  Clausing 
theory. 
obtained does not represent  t h e  su r faces  genera l ly  used i n  engineer- 
ing app l i ca t ions ,  I n  addi t ion ,  t he  assufipt ion of elastic deformation 
a t  t h e  contact  would apply only t o  s p e c i f i c  condi t ions.  
treatment of t h e  problem should include t i e  e f f e c t s  of p l a s t i c  defom- 
a t ion .  
The sphe r i ca l  contac t  model with which t h e  d a t a  were 
A f u l l  
Further ,  due t o  t h e  na ture  of t h e  mr;.croscop~c c o n s t r i c t i o n  
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resistmce solution [i.e., as X + 1.0, g(X) -+ O ]  and the parameters 
selected fdr the elastic conformity nodulus, the predicted values of 
thermal contact conductance tend to infinity at finite loads. 
Analysis of che theory suggests that a modification to include 
the conductance due to the microscopic asperities would decrease 
the predicted conductance at higher pressures. 
would permit more favorable correlation of the theory with experi- 
mental data. 
This modification 
The development by Clausing and Chao of a theoretical equation 
for the prediction of contact conductance makes possible limited 
prediction of conductance values. Its application is restricted to 
rough contact surfaces and cases in which the macroscopic constric- 
tion resistance dominates. 
geometry used in engineering applications where contact resistance 
occurs are flat, machine surfaces, the roughness and flatness 
deviations would be small. 
use for predicting contact conductance for such conditions. 
theory for contact conductance should be able to predict conductance 
values for smooth as well as rough surfaces. 
Since a majority of surfaces and 
Clausing's theory would be of little 
A good 
11. DIMENSIONLESS CORRELATION 
Although it is difficult to specify the exact variables affect- 
ing thermal contact conductance, analysis of the assumed parameters, 
performed by Clausing and Chao [20],  resulted in the grouping: 
hb 'a b 
k - - f  (E -1 
&CC 
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Clausing used this result for the correlation of some of his data 
(Figure 4-3), deeming the relationship applicable only to rough 
surfaces. 
mental data, are plotted in a different manner in Figure 4 - 6 ,  to give 
a better perspective of the agreement. 
attributed primarily t o  variations in the mean junction temperature, 
and the manner in which the surface parameter is defined. In Claus- 
ing's work, the mean junction temperature ranged from 160°F to 340°F; 
thus temperature effect was minimized. The mean junction temperature 
of published experimental data, however, ranges from -250°F to 500°F. 
Its effect on conductance is obvious indeed. 
Clarsing's data and parameters, as well as other experi- 
The scatter present may be 
It was shown that the equation derived by Fenech and Rohsenow 
could be simplified in form by neglecting an interstitial fluid and 
by assuming similar surface characteristics for both sides of the 
contact (pp. 95-96). With these simplifications the denominator 
of equation (4-2) can be denoted as 6, a parameter which can be 
described as the effective thickness or depth of influence of the 
contact. The ratio of the actual contact area to the total cross- 
sectional area of the junction is represented by a. In dimensionless 
form 
The results of several other investigators can also be reduced to 
this general form; however, the difficulty still remains that 6 and 
ci must be defined in terms of the controlled test variables. 
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Earlier attempts at dimensionless correlation and dimensional analysis 
of the variables effecting contact conductance have yielded very few 
useful results [17, 19, 42, 47, 76, 811. A number of different para- 
meter groupings have been found; however, these groups only correlated 
a small amount of published experimental data. 
Since it was desirable that the required material properties and 
surface parameters for predicting h be easily obtained, the functional 
relationship for h was derived in terms of the assumed variables of 
load pressure, mean junction temperature, surface roughness and 
flatness, and the material properties. Hudack [47] had shown that 
D 
I a the parameter - BTm could be used to correlate thermal conductance E 
data for aluminum 7075. 
a b P combinations of -- and - E 6 
demonstrated some success with a correlation of the dimensionless 
Other investigators have also used various 
for their correlations. Clausing had 
hb 
m k 
parameter - (Figure 4 - 6 ) .  Thus the dimensionless parameters were: 
a P = dimensionless pressure = - 
P 
E 
* 
T* = dimensionless temperature = BT m 
6 
6* = dimensionless surface parameter = - b 
h 6  
m k 
JI = thermal conductance number = 
The experimental results of this investigation were plotted in 
the form of -- as a function of P*T*, since the surface parameter 6 was 
as yet undefined. This variation of dimensionless conductance with 
hb 
m k 
P*T* for stainless steel 304 is shown in Figure 4-7. 
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I t  was necessary t o  spec i fy  values  f o r  the  i n i t i a l  s l r f a c e  para- 
meters which would cause the  curves such as those i n  Figure 4-7 t o  
agree. 
s t a n t  values of P*T*. An i n i t i a l  value of 6 = d was chosen f o r  the 
smooth-to-smooth su r faces ,  and the  remaining values  of do f o r  other  
ccntac t ing  sur faces  were ca lcu la ted  a t  20 p s i .  
hb 
m 
This was done by taking r a t i o s  of between su r faces  a t  con- 
0 
I n  Figure 4-8 i r . l t ia1 
hb r e f e r s  t o  correspondence of t he  - curves 20 p s i .  To check the  k m 
values  t h e  curves were a l s o  made t o  coincide a t  a load pressure of 
800 p s i  ( f i n a l  i n  Fig. 4-8). 
Study of t h i s  sur face  parameter ind ica ted  t h a t  i t  was a funct ion 
of d ,  defined by equation (2-22) such tfiat: 
1 1 6 0 = f ( d )  = f I ( F D + ~ R D ~ ~ ~ ~ ~ ~  - (m2RD)smooth (4-7) 
su r face  su r face  
h b  
as a funct ion of 6*, f o r  constant  C P l o t s  were then made of 
0 
m h -b 
var ied  with 6; i n  an c: k m 
values of P*T*. I t  w a s  found t h a t  
exponential  manner, i .e . ,  t h e  curves yielded s t r a i g h t  l i n e s  on 
semi-log graph paper as shown i n  Figure 4-9. The s t r a i g h t  l i n e s ,  
however, were o f f s e t  by a v a r i a t i o n  i n  s lope  as a funct ion of P*T*. 
Af te r  f u r t h e r  considerat ion i t  was found t h a t  t h e  product P*T*/6* 
was a dimensionless parameter which would c o r r e l a t e  t he  family of 
exponential  curves, a t  constant  values  of P*T*. Since the  sur face  
parameter has the  dimensions of length,  the  func t iona l  form f o r  6 
was se l ec t ed  as: 
-m P*T*/6* 6 - 6  e 0 
0 (4-8) 
where t h e  value f o r  m must be se lec ted  f o r  t he  bes t  f i t  of the  da t a .  
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This function behaves as required for the limiting cases of pressure 
and temperature. As pressure increases, the surface parameter or 
effective gap thickness becomes smaller. At zero pressure, the 
effective gap thickness is just the initial value. 
h d  
The thermal conductance number, $I = , was then plotted as k m 
a function of P*T*, with the constant m selected for approximate best 
fit to be 180.0. The resulting plot is shown in Figure 4-10. In- 
cluded in the figure are all of the published data listed in Appendix 
A, as well as the data of the present experimental investigation. The 
data are representative of seven different investigators, with 
hpproximatelg 400 data points. 
temperatures of -250°F to 500"F, apparent interface pressures of 10 
to 7,000 psi, surface flatness deviations of 15 to 4,500 microinches, 
and surface roughnesses of 3 to 120 microinches. 
The data shown include mean junction 
Data for aluminum, 
seen that for a majority of the data, extremely good correlation 
exists. The spread of data points is to be expected due to the 
variation in surface parameters. Also no two investigators measure 
or present their data in the same manner. Further, some of the dGta 
are correlated on assumed information, since a11 of the experimental 
characteristics were not listed by the investigator. 
of such a large amount of published experimental data sugposts that 
the correlating parameters are a decided improvement over existing 
The correlation 
relationships. 
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More s c a t r e r  wab noticed below the co r re l a t ion  curve, especially 
a t  the  higher  and lower load pressures.  
i n  s eve ra l  w ~ y s .  A t  higher load pressures ,  those su r faces  w i t h  
oxide f i lms  o r  o ther  c o n t u i n a n t s  would r e s u l t  i n  lower measured con- 
ductance values.  Also, a t  high load pressures  the  i n t e r f a c e  tempera- 
t u r e  c i i f ferenc? id small and i n  some ins tances  is t he  same as the  
uncertainty,  rhus permit t ing errors of 1 C O  percent or  more. A t  low 
load pressures ,  measured conductance values  e x h i b i t  a wide range of 
s c a t t e r .  This may p a r t i a l l y  be expla ine i  by t h e  v a r i a t i o n s  i n  load 
app l i ca t ion  mechanisms used by d i f f e r e n t  i nves t iga to r s .  
might be t h e  alignment of t he  test  su r faces ,  uncer ta in ty  i n  the 
material properti..?s, and inco r rec t ly  reported su r face  c h a r a c t e r i s t i c s .  
This scatter may be explained 
Other reasons 
A s  a r e s u l t  of the  exce l l en t  c o r r e l a t i o n  shown in Figure 4-10 
the expression f o r  thermal contact  conductance may be w r i t t e n  3s: 
a Ji = f(P*T*, 6 *) 
0 (1 - a) 
In order +n e s t a b l f z ~  thrt Puuciiiioiial iorm o t  t h e  contac t  area r a t i o ,  
several criteria ~ u s t  be =et .  
must be  a funct ion of temperature and pressure,  and a t  low or zero load 
pressures ,  t h e  contact  area r a t i o  mus t  be a funct ion of the  su r face  
For cxample, the contad area r n t i o  
1 1 7  
parameter. 
the  func t iona l  form. One expression which s a t i s f i e s  these  requirements 
is: 
I n  addi t ion ,  t he  shape of the  c o r r e l a t i o n  curve w i l l  d i c t a t e  
= {Cl(60*) + C P* T*) '1 
J I '  1 - a  2 (4 -9)  
from which t h e  area ra t io  would be 
{C (6 *) + C2 P*T*) 
1 0  a =  
1 + IC (6 *) + c* P*T*P 1 0  
Hence, for t he  l imiting cases of pressure 
L i m  a C p 0 * )  L i m  a 
P + -  r i o  
9 = 1  P 1 + c p 0 * 1  
Further,  t h e  c o e f f i c i e n t  C (6 *) m u s t  be very small, thus s a t i s f y i n g  1 0  
t he  low load contact  area ratio and conductance requirements. This 
particular selection would include any possible r a d i a t i o n  effects as 
the  load pressure is reduced to  zero. 
I n  order  t o  s u b s t a n t i a t e  t he  v a l i d i t y  of equation ( 4 - 9 ) ,  i t  is 
necessary t o  consider its behavior a t  a l l  l imi t ing  condi t ions.  Checking 
approaches i n f i n i t y  the  l i m i t i n g  cases f o r  pressure,  t he  va lue  of - 
and C1(d0 ) i n  t h e  l imi t ing  cases of P* approaching i n f i n i t y  and zero,  
respect ively.  The s lope  of t h e  conductance curve as a function of P* 
h 6  
k m 
c o  
* n  
approaches i n f i n i t y  and 8 small value f o r  l i m i t  as P* becomes l a r g e  and 
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as P* goes t o  zero,  respec t ive ly .  
These r e s u l t s  are as expected from the  cr i ter ia  es tab l i shed  i n  
Chapter 11. The r e l a t ionsh ip  with mean junc t ion  temperature behaves 
very much l i k e  t h a t  with pressure.  As temperature increases ,  t he  con- 
ductance increases ,  and as temperature decreases ,  t he  conductance 
becomes smaller. 
junc t ion  temperature behaves in the  same manner. 
The rate of change of conductance with mean 
These t rends are 
also i n  agreement wi th  those r e s u l t i n g  from t h e  da t a  ana lys i s  of 
Chapter 11. The r e l a t i o n s h i p  with the  sur face  parameter i nd ica t e s  t h a t  
as t h e  su r face  becomes smoother, t h e  conductance becomes l a rge ,  aad 
as t h e  su r face  becomes very rough, t he  conductance becomes small. 
The rate of change of conductance with su r face  parameter approaches 
i n f i n i t y  as t h e  su r face  parameter tends t o  zero and approaches zero 
as the  su r face  parameter becomes la rge .  
The c o e f f i c i e n t s  f o r  t he  pred ic t ion  equation were found i n  the  
following manner. 
f i r s t  considered neg l ig ib l e  and t h e  logarithm of equation (4-9) was 
For l a r g e  load pressures ,  t he  term C (6 ) was 
1 0  
p lo t ted  i n  the form: 
log 9 - n log C + n log  P*T* 2 
Approximate values  f o r  n and C were se l ec t ed  from t h e  s lope  and 
i n t e r c e p t  of the  p l o t ,  respec t ive ly .  The r e s u l t i n g  values  were n = 
2 
0 .58  and C2 = 0.020. 
low load pressure d a t a  were used t o  obta in  an average value of C (6 ) 
With a l l  c o e f f i c i e n t s  known except Cl(b0), the 
l o  
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for all data. The resulting value was C (6 ) = 5.10 x 
6 0 .  1 0  
These constants were then used to predict the conductance values 
for the measured data and the resultant error was calculated. Since 
these initial values for the constants were approximate, the constants 
were then refined by incrementing them and calculating the rms error 
for all data of this investigation. For the minimum rms error, the 
coefficients for equation (4-9) were 
* 
C1(60*) = 5.22 x low6 6 0 
C2 = 0.036 
m = 170 
n = 0.56 
The resulting conductance equation may be written as 
* 
(4-10) * 
k 
hc = 6 rn e 170 'IT*'*o (5.22 x 6 + 0.036 P*T*) * 5 6  
0 
0 
and the dimensionless conductance parameter is 
(4-1 1) 0.56 9 = I5.22 x loo6 6* + 0.036 P*T*) 
0 
A comparison of Equation 4-11 with the present experimental data as well 
as those of previous investigators is illustrated in Figure 4-10 for 6 
0 
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values  of 18 ( top  curve) ,  200, 1000, and 4000 p i n .  A t  h igher  values  
of P*T* t h e  s u r f a c e  f i n i s h  is noted t o  have a much smaller e f f e c t .  
111, COMPARISON OF THE DIMENSIONLESS CORRELATION 
WITH EXPERIMENTAL DATA 
I n  order  t o  j u s t i f y  t h e  accuracy of t h e  expression f o r  contac t  
conductance developed i n  t h e  previous s e c t i o n ,  comparisons must be 
made with experimental  da ta .  Therefore ,  t h e  pred ic ted  va lues  of 
conductance w i l l  be  compared wi th  experimental  d a t a  of t h e  present  
i nves t iga t ion  and with o t h e r  published da ta .  I n  add i t iop ,  conpari- 
sons are made with e x i s t i n g  r e l a t i o n s h i p s  f o r  t h e  p red ic t ion  of 
contact  conductance. 
Present  Experimental _1- Data 
Comparisons were made between predic ted  and measured conduc- 
tance  values  f o r  d a t a  of :he present  i nves t iga t ion .  Equation (4-11) 
appears t o  p red ic t  t hese  conductance valiles wi th in  an  average o v e r a l l  
e r r o r  of 29 percent ,  with a m a x i m u m  o v e r a l l  e r r o r  of 47 percent  f o r  
t he  magnesium experimental  da t a .  Delet ing several of t he  oxidized magnesium 
d a t a  po in t s  r e s u l t s  i n  an averege o v e r a l l  e r r o r  of 24 percent  f o r  t he  
remaining daca. 
temperatures from -85'F t o  335'F, and su r face  f l a t n e s s  dev ia t ions  
from 18 t o  4,500 microinches. 
Pressures  rangeJ from 20 t o  015 p s i ,  mean junc t ion  
The experimental  d a t a  f o r  aluminum 2024 are shown i n  Figure 
4-11. Study of t h e  curves suggests  t h a t  the  theory p r e d i c t s  t h e  da t a  
1 2 1  
with an average o v e r a l l  e r r o r  of 21 percent .  
compare well with those of t he  experimental  da ta .  I t  should be 
noted, however, t h a t  as pressure  inc reases ,  t h e  predicted va lues  
of conductance inc rease  more r ap id ly  than t h e  experimental da ta .  
This  s l i g h t  devia t ion  may be  a t t r i b u t e d  to  oxida t ion ,  as discussed 
i n  Chapter 11, 
The predic ted  t rends  
The v a r i a t i o n  of contac t  conductance f o r  s t a i n l e s s  steel  304 
The predic ted  is shown as a func t ion  of pressure  i n  Figure 4-12. 
values  of conductance are a l s o  shown f o r  comparison. NotG t h e  
exce l l en t  agreement f o r  a l l  d a t a ,  w i th  t h e  exception of a few d a t a  
poincs. 
percent ,  with a m a x i m u m  dev ia t ion  of 57 percent  f o r  one o r  two d a t a  
poin ts .  
The agreement is wi th in  an  o v e r a l l  average e r r o r  of 25 
The s t a i n l e s s  steel. are among the  most c o n s i s t e n t  o f  t h e  d a t a ,  
as shown i n  Chapter 111. One reason f o r  t h i s  good agreement is t h e  
range of i n t e r f a c e  temperature d i f f e rence .  A t  high load pressures ,  
t h e  AT f o r  st i n l e s s  steel  is on t h e  order  of 10°F, whereas t h e  AT 
f o r  aluminum, magnesium, and b ras s  is 3x1 .he order  of 1 t o  3'F, 
similar t o  t h e  uncer ta in ty  i n  AT . :;It?retore, e r r o r s  of 100 percent  
might be expected f o r  t h e  s o f t e r  mai  - r t a l s ;  however, t h e  e r r o r  f o r  
s t a i n l e s s  s teel  would be much smalier. 
3 j 
.. 
j 
Equation (4-11) i s  compared with b r a s s  conductance d a t a  i n  
Figure 4-13. The t rends  and magnitudes are w e l l  p red ic ted .  These 
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da ta  are predicted wi th  an  average o v e r a l l  e r r o r  of 24 percent .  
high temperature smooth d a t a  e r 9 i b i t  t h e  proper t rend b u t  axe some- 
i he  
what under-predicted. As with  aluminum, t h e  predicted curves inc rease  
more r ap id ly  than t h e  da t a  curves as pressure  increases. This 
may be  a t t r i b u t e d  t o  t h e  small AT 
e r r o r s  i n  t h e  high load pressure  d a t a  f o r  t h i s  as f o r  most o the r  s o f t  
f o r  b r a s s ,  which causes conductance 3 
materials. 
The contact  conductance d a t a  f o r  magnesium AZ31B are given i n  
Figure 4-14 f o r  comparison wi th  pred ic ted  values .  There appears t u  
be  q u i t e  poor agreement f o r  t h e  smoother su r faces ;  however, t h e  
agreement f o r  t he  rougher su r faces  is good. The proper t r e r d s  are 
shown, bu t  t he  magiiitudes a t  t h e  h igher  pressures  are s u b s t a n t i a l l y  
over-predicted.  As with b r a s s ,  t h i s  over-prediction a t  the  hi8he.r 
p ressures  may be caused by t h e  e r r o r  i n  t h e  AT,. 
and medium surface,  used i n  t h t s  i nves t iga t ton  were v i s i b l y  oxidized 
The magnesium smo0t.h 
J 
even a f t e r  thorougt c leaning ,  as discuased i n  Ckc;,ter 111. 
The f a c t  t hh t  Equation 4-11 does not  always accura te ly  p red ic t  
t h e  rragnitude of t h e  conductance f o r  t h e  smoother su r faces  might be 
e x p h i n s c !  i n  terms of a s u r f a c e  f i l m .  When two pol ished,  f l a t  
su r f aces  are placed i n  con tac t ,  t h e  oxide f i l m  which may be  present ,  
forms a r e l a t i v e l y  unbroken l aye r  between t h e  sur faces .  AE pressure 
is increased,  t h e  metal-to-metal contacr  becomes minimal and the  oxide 
f i l m  becomes a dominant f a c t o r  which causes t h e  conductance t o  be 
lower than f o r  oxide f r e e  sur faces .  
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Published Experimental Data 
Experimental d a t a  of Bloom [U], Clausing and Chao (201, Fried 
[37 ] ,  =;id Smuda, e t  a l .  [ 6 9 ] ,  are presented i n  Figure 4-15 f o r  comparison 
with the  expression developed i n  t h e  present  a n a l y s i s ,  equat ion (4-11). 
A wide var i a t io r .  f t  :e$& u t e r i a h  and mean junc t ion  temperatures is 
represented. Note t h e  exce l l en t  agreement f o r  a l l  of t hese  da t a .  
Experimental d a t a  of Cunnington [22] ,  Fr ied  [37], and Hargadon f43] 
are presented i n  Figure 4-16 f o r  comparison wi th  equat ion (4-11), and 
t h e  modified Fenech and Clausfng expressions [equat ions (4-3), ( 4 - 4 ) ,  
and (4-511. 
As pressure  inc reases ,  a l l  of t h e  equat ions p r e d i c t  t h e  same 
trend.  A t  low p res su res ,  t h e  modified Fenech equat ion severe ly  under- 
p r e d i c t s  t h e  e x p r i m e n t s l  data because of t h e  p re s su re  dependence assumed 
i n  t h e  equat ion.  
i n  t h i s  a n a l y s i s  compare w e l l  wi th  t h e  d a t a ,  wi th  a n  average o v e r a l l  
e r r o r  of less than 24 percent.  
the experimental  data by more than 100 percent  i n  some cases. This 
may b e  a t t r i b u t e d  t o  t h e  manner i n  which the  s u r f a c e  parameter is used i n  
h i s  equation. 
The magnitude p red ic t ions  by t h e  expression developed 
The expression of Clausing under-predicts 
The predic ted  conductance d a t a  f o r  most of t h e  o t h e r  published 
experimental  i n v e s t i g a t i o n s  agree e q u s d y  w e l l .  Some d a t a  dev ia t e  
appreciably,  however. 11 many cases, these  dev ia t ions  may be 
a t t r i b u t e d  t o  assumed test information which was not presented i n  
t h e  published work. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
A review of t he  published s t u d i e s  i n  thermal contact  r e s i s t a n c e  
has shown t h a t  a l a r g e  v a r i a t i o n  exists between theo re r i ca l ly  predicted 
and experimentally measured condu-tance va lues .  Clear ly ,  the  magni- 
tudes and t rends exhibi ted by t he  experimental da t a  have not been w e l l  
represented by the  published t h e o r e t i c a l  s tud ie s .  
present  i nves t iga t ion ,  then, w a s  t o  develop an equation f o r  the  pre- 
d i c t i o n  of contact  conductance which would be  s u i t a b l e  f o r  engineering 
appl ica t ions .  
The purpose of t h e  
Conclusions 
Based on t h e  dimensionless c o r r e l a t i o n  presented i n  t h i s  work, 
an expression f o r  t h e  pred ic t ion  of contact  conductance w a s  found t o  
p red ic t  published experimental da t a ,  a s  w e l l  as d a t a  of t he  present  
inves t iga t ion .  T h i s  equation may be w r i t t e n  i n  dimensionless form as: 
0.56 JI = (5 .22  x 6* + 0.036 P*T*) 
0 
(4-11) 
The most important elements in t h i s  pred ic t ion  equation are t h e  
apparent i n t e r f a c e  pressure,  mean junc t ion  temperature, and surface 
parameter. 
This expression, developed by semi-empirical techniques,  p red ic t s  
contact  conductance wi th in  an average o v e r a l l  e r r o r  of 29 percent f o r  
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the  da t a  of t h i s  inves t iga t ion .  An average o v e r a l l  e r r o r  of 24 percent 
r e s u l t s  when s e v e r a l  of t h e  da t a  poin ts  for t h e  Qxidized magnesium sur- 
faces  are de le ted .  The average o v e r a l l  e r r o r  f o r  a l l  experimental d a t a  
used, both present  and published, is 24 percent.  
It  has been shown t h a t  t he  r e s i s t ance  due t o  su r face  oxidat ion 
is small a t  normal operat ing pressures;  however, i t  can become a dominant 
f a c t o r  f o r  very smooth su r faces  and a t  extremely l a r g e  pressures .  
su r f ace  parameter, may be adjusted f o r  such oxidat ion,  thus permit-  
t i n g  more accura te  c o r r e l a t i o n  of contact  conductance values  f o r  
oxidized sur faces .  
The 
Recommendat ions 
As a r e s u l t  of t h i s  i nves t iga t ion ,  i t  would seem appropr ia te  t o  
make some recommendations f o r  f u r t h e r  study. 
1) Although very few experimental tests are conducted with oxide- 
f r e e  su r faces ,  l i t t l e  s p e c i f i c  work has been done t o  determine the  
a c t u a l  cont r ibu t ion  of such oxide f i lms  t o  the  r e s i s t ance  of a contac t .  
Further ,  the  v a r i a t i o n  of the  sur face  f i l m  thickness w i t h  load pressure  
should be inves t iga ted .  
2) Most of t he  experimental contact  conductance d a t a  obtained 
t o  da t e  has been f o r  moderate t o  high load pressures .  
obtained a t  load pressures below f i f t e e n  p s i  ,:xhibit extremely l a r g e  
Those d a t a  
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variations. Further study of contact conductance at low pressures 
would supplement existing data. 
3) The results of this study might be fruitfully applied to 
electrical contact situations, such as low-voltage microswitches. By 
use of the expressions developed in this work, both the area of contact 
and junction resistivity might be predicted. 
4) The techniques of this study might be used to establish a 
prediction equation for dissimilar metal contacts. Because of limit- 
ations of the model used in the present analysis, it was not possible 
to accurately predict conductance values for dissimilar metal contacts 
using the expression developed herein. Further, the sparsity of pub- 
lished dissimilar metal experimental data suggests that an experimental 
investigation should be undenaken to implement any analytical study. 
5) There is a considerable amount of published experimental 
data obtained at atmospheric conditions. 
might also be applied to these data. 
The procedures of this study 
An expression has been developed for the correlation of thermal 
contact conductance data. This expression may be used to predict 
conductance values for any similar metals in terms of the sur- 
face parameter, mean junction temperature, and interface pressure. 
The equation is simpler to use and results in more accurate prediction 
of conductance magnitudes and trends than any such expression pre- 
viously published, and known t o  the authors. 
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APPENDIX A 
PUBLISYED EXPERIMENTAL DATA 
The experimental da t a  i n  t h e  l i t e r a t u r e  were analyzed thoroughly 
i n  order t o  determine which da ta  were accurate  and would be usefu l  f o r  
t h e  present analysis .  The r e s u l t i n g  da ta  were considered s a t i s f a c t o r y  
f o r  use i n  determining t h e  t rends of t h e  experimental da t a ,  as w e l l  as 
f o r  comparison w i t h  t h e  predicted values  of contact conductaacc. 
da t a  are l i s t e d  here as given by t h e  inves t iga tors ,  except as indicated.  
These 
The dimensions of t h e  va r i ab le s  presented are as follows: 
a P 
Btu/hr sq f t ° F  
C 
h 
AT OF 
T m OF 
FD microinches 
RD microinches 
Btu/hr f t ° F  kh 
E Psi 
14 2 
TABLE A-1 
PUBLISHED ALUMINUM DATA 
a 
P T m AT C h 
280 
458 
646 
834 
920 
309 
312 
512 
713 
802 
73 
267 
662 
856 
929 
166 
213 
554 
719 
3b8 
118 
309 
493 
707 
891 
474 
672 
822 
936 
251 
439 
668 
866 
945 
465 
647 
815 
954 
987 
A61 
488 
741 
953 
1080 
382 
1260 
233u 
2475 
2515 
202 
269 
540 
741 
927 
190 
320 
421 
638 
'186 
859 
1180 
1490 
1600 
678 
910 
1250 
1410 
1460 
22.7 
16.3 
12.9 
10.9 
10.5 
25.1 
23.7 
16.9 
14.6 
13.9 
42.9 
13.2 
7.2 
6.6 
6.6 
51.6 
47.2 
28.4 
24.4 
20.6 
44.9 
40.2 
34.6 
27.0 
24.5 
18.9 
13.8 
11.2 
10.5 
24.3 
17.7 
13.5 
11.7 
11.3 
-241 
-256 
-262 
-268 
-270 
-232 
-227 
-242 
-244 
-244 
-127 
-221 
-247 
-251 
-253 
-145 
-232 
-230 
-229 
-231 
-223 
-222 
-227 
-230 
-238 
-236 
-243 
-245 
-248 
-231 
-237 
-245 
-251 
-253 
Run: 
FD = 
R D =  
k =  
E =  
m 
B *  
Run: 
F D =  
R D =  
k =  
E =  
B =  
m 
Run: 
F D =  
R D =  
k =  
E =  
m 
B =  
Run: 
F D -  
R D =  
k =  
E =  
m 
B =  
B 5-1 [13] 
AL 7075-T6 
100-200 
3-5 
46.5* 
1.18 lo7* 
1 2  x 10 -6* 
B 5-2 [13] 
AL 7075-T6 
200 
15-17 
49.0* 
1.17 x 10 
12 x 10 
-7* 
-6* 
B 5-4 [13] 
AL 7075-T6 
150-500 
10-45 
49* 
1.17 lo7* 
-6* 12 x 3.0 
B 5-5 1131 
AL 7075-T6 
200-300 
7-60 
42* 
1.17 lo7* 
1 2  x 
* Se lec ted  from the  l i t e r a t u r e  f o r  purposes of the present  analysis. 
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TABLE A-1 (Cont'd) 
a P C h AT T m 
51 
242 
446 
600 
800 
10.4 
28.4 
44.0 
86.2 
157 
310 
518 
759 
986 
10.4 
44.0 
86.2 
157 
310 
518 
759 
986 
10.4 
28.4 
67 
157 
310 
518 
759 
986 
10.4 
28.4 
67 
157 
310 
518 
759 
986 
52C 
1390 
1900 
2200 
2400 
88 
191 
365 
660 
1330 
2300 
4520 
5670 
7940 
219 
513 
821 
1330 
2300 
45?0 
5C70 
7940 
38.2 
133 
476 
1220 
2450 
4160 
6500 
9500 
54 
213 
440 
762 
1270 
1970 
2780 
3740 
9.9 
4.7 
3.4 
164 
109 
71.5 
46.7 
30.9 
19.4 
10.6 
8.8 
6.4 
113 
65.8 
44.9 
30.9 
19.4 
10.6 
8.8 
6.4 
253 
161 
69.3 
32.5 
17.6 
10.7 
6.9 
5.0 
238 
128 
78.8 
52.5 
34.5 
23.4 
17.0 
12.9 
243 Ruu : 
295 
299 FD - 
R D =  
k -  
E =  
m 
f 3 =  
220 
238 
240 
235 
Run : 
F D =  
R D =  
k a =  
E -  
B =  
Run: 
F D =  
R D =  
% =  
E =  
f 3 =  
Run: 
F D =  
R D =  
% =  
E =  
B =  
Run: 
FD = 
R D =  
% =  
E =  
s =  
B 5-7 1131 
AL 7075-T6 
200-500 
10-25 
91* 
1.01 x 10 
12 x 10 
7* 
-6f 
cc lA [20] 
AL 2024-T4 
115 
12 
79.0 
7 1 x 10 
12 x 10 -6* 
cc 2A [20] 
AL 2024-T4 
115 
12 
82.0 
1 lo7 
-6* 12 x 10 
CC SA [20] 
AL 2024-T4 
60 
3 
82.0 
7 1 x 10 
12 x 10 
CC 6A [20] 
AL 2024-T4 
110 
3 
82.0 
-6* 
1 x 10 7 
-6* 12 x 10 
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TABLE A-1 (Cont'd) 
T m AT C h a P 
10.4 
28.4 
67 
157 
310 
518 
759 
986 
212 
452 
632 
1120 
1880 
2640 
3380 
4280 
16.9 220 
35 370 
54 495 
72 590 
92 680 
16.9 210 
54 620 
93 830 
192 
287 
187 
105 
104 
186 
277 
277 
105 
239 
385 
1642 
3821 
1665 
749 
896 
1522 
3421 
3219 
925 
2607 
3515 
90 235 
63 
51.4 
33.3 
22.0 
16.6 
13.6 
11 .o 
Run : CC 7A 1201 
AL 2024-T4 
FD = 110 
RD 45-80 
% = 85.0 
f3 = 12 x 10 
E = 1 x lo7 
-6* 
29.3 
13.8 
29.0 
52.6 
47.9 
31.2 
15.9 
17.2 
54.1 
23.0 
18.0 
155* Run: 
FD = 
R D =  
k -  
E =  
m 
B =  
200* Run: 
F D =  
R D =  
k =  
E =  
m 
B =  
286 
297 
288 
278 
277 
289 
291 
294 
278 
287 
289 
Run : 
F D =  
F D =  
k =  
E =  
f 3 =  
m 
CN 5 [22] 
AL 6061-T4 
35 
12-18 
109* 
1 lo7* 
-6* 12 x 10 
CN 6 [22] 
AL 6061-T4 
25 
46-50 
111* 
1 x 10 
12 x 10 
7* 
-6* 
FL A2 [33] 
AL 2024-T4 
25-40 
3-5 
108 . 9 
1.01 x 10 
12 x 10 
7* 
-6* 
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TABLE A-1 (Cont'd) 
m AT T C h a P 
102 487 86.4 -42 
305 1242 45.8 -53 
102 537 78.1 -33 
305 1353 40.5 - 25 
101 578 62.5 -13 
297 1888 28.5 -25 
102 512 69.4 -20 
298 1665 31.8 -23 
99 1389 27.6 281 
306 2910 16.3 264 
98 770 43.8 267 
99 857 44.4 274 
305 3042 15.4 265 
47 367 
1 2 1  457 
214 560 
325 7 13 
805 2382 
1120 3814 
48 237 
83 333 
119 424 
226 621 
341 813 
818 2414 
1132 3781 
-98* 
-98* 
Run : 
F D =  
la= 
k =  
E =  
m 
B =  
Run : 
FD = 
R D =  
k =  
E =  
m 
B =  
Run : 
FD = 
R D -  
k =  
E =  
m 
B =  
Run : 
FD = 
R D =  
k =  
E =  
m 
n -  v -  
Run : 
FD = 
R D =  
k =  
E =  
m 
6 -  
FL A4 [33] 
AL 2024-T4 
15-40 
3-5 
98.2 
1.12 x 10 
1 2  x 10 
FL A 6  [33] 
AL 2024-T4 
25-40 
3-5 
99.2 
7* 
-6* 
1.11 lo7* 
-6* 1 2  x 10 
FL A 8  [33] 
AL 2024-T4 
25-40 
3-5 
108.6 
1.02 x 10 
1 2  x 10 
7* 
-6* 
FR 65:1-6 [36] 
AL 2024-T4 
100-150 
40-50 
69.5 
1.07 lo7* 
-6* 12 A ic 
FR 65:ll-17 [36] 
Ai 2024-T4 
100-150 
40-50 
69.5 
1.07 X lo7* 
-6* 1 2  x 10 
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TABLE A-1 (Cont 'd) 
T m AT C h pa 
560 1500 
1050 3415 
3 1 4  6761 
2021 7849 
2419** 42111** 
3024 8644 
535 1244 
764 2308 
1311 4783 
1853 10249 
2475 23679 
118 
251 
384 
539 
702 
834 
1009 
114 
268 
418 
567 
732 
881 
1038 
792 
2720 
4710 
7900 
9440 
12120 
14200 
1270 
2190 
3550 
5240 
6190 
7190 
8680 
35.9 
13.3 
7.9 
5.0 
4.1 
3.2 
2.6 
34.5 
22.3 
14.3 
10.0 
8.6 
7.5 
6.3 
- 180* Run : FR 66:31-6 [37] 
AL 7075-T6 
FD = 210-240 
RD = 160-170 
k - 75.5* m 
E = 1.04 x lo7* 
f3 = 12 x 1f6* 
-220* 
215 
232 
233 
240 
232 
236 
229 
280 
289 
291 
293 
294 
295 
296 
Run : FR 66:88-92 [37] 
2% = 6 
m =  4 
k = 82.6* 
AL 7075-T6 
m 
E = 1.03 x lo7* 
-6* f3 = 12 x 10 
Run: S2 [691 
AL 2024-T4 
J?D = 23-35 
RD = 3-5 
k = 82.6 
E = 1.06 x 10 
B = 12 x 10 
7* m 
-6* 
Run: S3 [69] 
FD = 35-55 
RD - 3-5 
k = 88.8 
AL 2024-*T4 
m 
E = 1.06 x lo7* 
*+ Data deleted in analysis 
147 
TABLE A-1 (Cont'd) 
T m AT C h a P 
260 2340 20.0 285 Run : 
406 3400 109 . 0 281 
554 4370 71.5 292 FD = 
722 5400 46.7 293 R D =  
k =  860 7520 33.8 293 
E =  
1 3 s  
m 
106 148 
203 212 
300 371 
303 703 
304 1011 
45.8 
23.0 
41.6 
35.7 
58.7 
-236 
-250 
-257 
-155 
-33 
Rim 
F D =  
R D =  
k =  
E =  
f 3 =  
m 
S4 [69] 
AL 2024-T4 
35-55 
3-5 
88 .a 
1.06 x 10 7 *  
-6* 12 x 10 
S A2 [70] 
AL 2024-T4 
30-50 
3-5 
89.5 
1.15 x 10 7*  
12 x 
1 f .0 
I - t U  
TABLE A-2 
PUBLISHED STAINLESS STEEL DATA 
m QL T C h a P 
29.2 38.4 
67.7 71.7 
15 7 120 
311 168 
5 19 244 
760 32 1 
987 396 
122 
77.2 
51.2 
37.9 
27.9 
21.2 
19.4 
2 36 
681 
1 ' 8  
1558 
1814 
2476 
2884 
3591 
3909 
70 
102 
120 
2 1 1  
2 30 
340 
48 I 
775 
104 7 
15 30 
260 170 
545 300 
810 415 
245 Run: CC 3s [20] 
SS 303 
FD = 75 
R D = 3  
\ = 9.53 
7 
E = 2.8 x 10' 
f3 = 9.5 x 10 -6 * 
-. 390" Run: FR 66: 4-12 [37] 
SS 304 
F3 = 760-1000 
h'l 300-325 
= 10.4* 
E = 2.64 x 10 7* 
;In 
-6" f3 = 4.5 x I n  
255 Aun: H2 [43] 
SS 340 
FD - 500 
ED = 50-70 
k = 9.82* 
E = 2.8 x i o  7* 
m 
-6k 6 = 9.5 x 10 
*Selected from t h e  l i t e r a t u r e  f o r  purpcnes of the p r e e m t  ana lys i s .  
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TAB:? A-3 
PUBLISHED BRASS DATA 
m 
AT T 
c 11 a 
P 
11.1 
29.2 
44.6 
87 
157 
311 
519 
760 
954 
11.1 
29.2 
44.6 
87 
15 7 
311 
519 
750 
954 
11.1 
29.2 
44.6 
a7 
15 7 
311 
519 
760 
955 
11.1 
29.2 
44.6 
86.9 
15 7 
311 
.d 19 
760 
95 j 
172 
245 
259 
346 
465 
652 
918 
1126 
1527 
126 
220 
257 
334 
43.1 
5' 
ijA# 
1045 
1260 
93.5 
148 
174 
238 
316 
422 
579 
706 
849 
158 
253 
289 
370 
4 72 
643 
881 
l l t i i  
1390 
65 
64 
64 
57 
50 
41 
33 
29 
26 
86 
70 
63 
58 
53 
44.5 
36 
30.9 
p 7  &. 
118 
103 
9 2 . 5  
81 
72 
62 
51.5 
45.5 
40 
134 
98.0 
91.8 
78.1 
67.8 
54.1 
42.5 
33.2 
28.9 
340 Rm: CC 1B 1201 
Br Alloy 271 
FD - +lo 
RT, 12-14 
\ = 69 
E = 13.1 x 10 6 
-6* 
S = 11.8 x 10 
265 
160 
260 
Run: CC 2B [20] 
PC = 390 
RD = 14 
k = 66.5 
Br Alloy 271 
6 h E = 13.35 x 10 
B = 11.8 i: 19 -6* 
Run: CC 3 B  1201 
FD = 475 
RD = 14-18 
% = 62.5 
E = 13.7 x 10 
B = 11.8 x 10 
Br t - ' i y  271 
6 
-6* 
R i m :  CC 45 [2@] 
E'D = 390 
RD = 14 
Br Alloy 271 
\ = 66.5 
E = 13.4 x 10 6 
-6* 6 = 11.8 x 10 
*Selected from the li zature fer purpose6 of the present ana lys i s .  
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TABLE A-b 
PUBLISHED MAGNESIUM DATA 
a 
P 
C 
h AT m T 
---- -u - 
19.2 35.0 L O 1  215 RU: cc 1~ [201 
28.4 85.3 142 MG AZ 31B 
67 152 105 FD = 22.; 
157 344 61.4 R D = 3  
310 816 31.7 % = 50.8 
6 5 18 1540 18 .O 
759 2270 12.6 
984 3200 9 .u 6 = 14.4 x 10 
E = 6 .1  x 10 -- 
10.2 283 68.7 210 Run: CC 2.M (201 
28.4 687 33.6 MG AZ 31B 
67 1450 17.4 m = 53 
15 7 35 70 7.5 R D - 3  
k = 49.6 
6 E = 6 . 1  x 10 
B = 14.4 .: 10 
m 311 9100 3*c  
-6* 
10.2 61 
28.4 145 
67 511 
15 7 1250 
31@ 2320 
518 5050 
759 8700 
16.9 62 
54 150 
93 200 
1 7 C  
10 7 
43 
20 
11 
5.4 
3.2 
210 
150 
Run: CC 3M [2d] 
FD = 130 
R D = 3  
MG AZ 31B 
k = 49.3 
E = 6 .1  x 10 6 
m 
-6* B = 14.4 x 10 
Run: CN 7 [22] 
MG AZ 31B 
FD = 25 
k = 48.351: 
RD = 100-125 
6* m E = 6 .1  x 10 
-6* B = 14.4 x 10 
* Selected from the literature €or purpixes of the present anaiysis. 
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TABLE A-4 (Cont'd) 
m AT T C h a P 
143 
179 
218 
433 
552 
796** 
917** 
1257 
471 
764 
974 
1331 
1515 
1993 
247c ** 
26 74 
304 3 
3266 
335 
263 
2 79 
697 
1785 
14969** 
7985** 
5 755 
357 
1444 
2375 
3872 
49 75 
12309 
89590** 
21293 
31380 
94543 
-103" Rt- : FR 45: 134-41 1361 
MG AZ 31B 
FD = 23 
RD = 5-7 
k = 46.5* 
E = 6 .1  x 10 6* 
Q 
-6" 
f? = 14.4 x 10 
- 75* Run: FR 66: 57-66 [37] 
HG AZ 31B 
F D = 6  
R D = 4  
k = 44.9* 
E = 6 .5  x 10 6* 
m 
-6* e = 14.4 x 10 
APPENDIX B 
PRESENT !C.XPERIMENTAL DATA 
The full scope of an gxperimtntal investigation is not suffi- 
ciently represented merely by presenting the contact conductance 
data obtained. 
test materials are as important as the conductance data. 
ficant material properties useful in data analysis, including those 
essential to this investigation, are presented in this section. 
specimen configuration, surface finish, surface hardness, thermal 
conductivity, coefficient of thermal expansion and modulus of elas- 
ticity are discussed briefly in terms of the property values used, 
with the appropriate references cited. The thermal contact conduct- 
ance data for this investigation are also presented in tabular form. 
Material properties and surface conditions of the 
The signi- 
The 
Specimen Configuration 
Detailed drawings of the specimens are shown in Figures B-1 and 
B-2, with the test. surfaces noted. 
machined from aluminum 2024-T4, brass alloy 271, stainless steel 304, 
and magnesium AZ31B. 
one source end, and two each of the center slug and sink or threaded 
end. The contacting surfaces were numbered one through seven. Sur- 
faces one a d  two were lapped and polished; three and four were 
sanded; and five, six, and seven were peened. 
Identical specimen sets were 
Each specimen set consisted of five pieces; 
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I I  
0.500 
Notc 1 
Drill and tap 2 h o l e s ,  
4-40 thread, 1/2 inch 
deep . 
Note 2 
Drill 3 holes, #56 
d r i l l ,  17/32 inch 
deep. All positions 
+0.001 from each 
other . 
Note 3 
DriX 1 h o l e ,  X56 
d r i l l ,  3/32 Inch 
deep, 18C" oppos i te  
center hole. 
Note 4 
All dimensions in 
inches .  
C-- 1.625 - 
111 I 
i 
I 
I 
I 
4- 
-0- 
3 . 125 
-m- 
e 1.000 - 
+. 000: 
- .ooo 
5.25 
Figure B-1. Detai led Drawing of the Source Specinen. 
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- 
Note 1 
Drill 3 holes, 156 
d r i l l ,  17/32 inch 
deep. A l l  positions 
tO.001 from each 
other . 
I 
2.00 
Note 2 
D r i l l  1 hole, #56 
d r i l l ,  3/32 inch 
deep, 180' opposite 
center hole. 
Note 3 
A l l  dimensions in  
inches. 
8 threaddinch 
e- 1.000 
+.0005 
-.ooo 
- 1.000 
+.0005 
t 0 . 500 
I 0 . 500 
2.00 - 
0.500 
0.500 
0.500 t 0 . 500 
0.500 
0 . 500 + 
4.00 
Detailed Drawing of the Center and Sink Specimens. 
1 5 5  
Surface Finish Measurements 
The condition of each specimen surface used in t h i s  investigation 
was measured with a Bendix Micrometrical Proficorder and Profilometer. 
Both the proficorder and profilometer were set for 0.030-inch cutoff. 
The stylus diameter on the proficorder was 0.0001 inches; however, a 
0.005-inch diameter stylus was used on the profilometer. Several 
traces were made on two specimens to assure that any random trace 
would adequately represent the surface condition. 
the surfaces were then measured with one trace across the sample. 
The resulting values for flatness and roughness deviations are listed 
in Table B-1. 
The remainder of 
Eardness 
Although hardness data are not essential in determinin3 the 
experimental values of thermal contact conductance, hardness is one 
of the factors considered in many analyses of contact conductance. 
The hardness values were obtained for each type of surface with a 
Wilson Rockwell krdness Tester, Model 3-QR. 
indentor was used for the harder surfaces, and a one-sixteenth-inch 
diameter ball indentor was used for the remaining surfaces. 
series of indentations was made on each surface and the resulting 
hardness Adings were averaged. These values of hardness were then 
converted to a Vickers hardness number by means of a Comparative 
Hardness Chart published b!, the Riehle division of Ametek Corpor-tion. 
The final hardness values are presented in Table B-1. 
A Kendent Diamond Cone 
A 
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TABLE B-1 
SURFACF CHARACTERISTICS 
Material Surf ace 
1 Aluminum & 
2024-T4 2 
3 
4 
5 
6 
7 
Stainless 
Steel 304 
Magnesium 
Brass Alloy 
271 
Flatness 
(11 in) 
15 
20 
400 
530 
3100 
2800 
3400 
20 
25 
150 
180 
4300 
4300 
3600 
30 
40 
350 
200 
3900 
4200 
4500 
60 
50 
700 
540 
4500 
4100 
4700 
2 
3 
55 
63 
5 
8 
6 
2 
2 
36 
30 
2 
3 
3 
4 
4 
110 
125 
5 
7 
6 
2 
2 
60 
63 
7 
6 
7 
Hardness 
(Vickers) 
131 
131 
133 
133 
137 
137 
137 
203 
203 
206 
206 
285 
285 
285 
57 
57 
60 
60 
79 
79 
79 
108 
108 
113 
113 
160 
160 
160 
Thermal. Conductivity 
Accurate knowledge of the specimen material thermal conductivity 
is essential since it is used to calculate the heat flux across the 
contacting interface. 
able in the literature; however, some materials experience property 
These conductivity values are generally avail- 
changes with annealing and must be individually determined. Since 
aluminum is one of these materials with changeable properties, the 
aluminum 2024-T4 specimens were annealed at 575'F for twenty-four 
hours before use, to assure knowledge of specific conditions. An 
apparatus w a s  built to measure the thermal conductivity of solid 
metallic materials [69]. Tests of the annealed aluminum were found 
to agree very favorably with the published values presented by 
Eldridge and Deem [30] and Goldsmith, et a1 [41]. 
ductivity values for the remainder of the materials were selected 
The thermal con- 
from the literature since heat treatment does not affect the thermal 
material properties appreciably. The thermal conductivity for brass 
alloy type 271* was obtained from data presented by Goldsmith, et a1 
[41] and by the Anaconda American Brass Company [5 3 .  
ductivity data for magnesium AZ31Bwere obtained from Eldridge ana 
Deem [30] and the Dow Chemical Company [25, 261. 
ductivity values for stainless steel 304 were taken from Touloukian 
[78], Goldsmith, et a1 [41], McAdams [56], and the United States 
Steel Tompany [79]. 
Thermal con- 
The thermal con- 
'%e thermal conductivities for materials used in 
this investigation are shown as a function of temperature in Figure 
B-3 
*Eke new Cop Development Association designation for this alloy is 
e number 3 8 .  
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110 
100 
90 
crr 
u 
u-l 
k c 1 d 
\ 
3 u 
80 
a 60 
c) 
h u 
rl 
3 
rl 
c, 
c) 
a 
W 
rl 
al 
a 50 
g 
P) E 40 
c 
c-l 
30 
4 
10 
0 
.. Aluminum 2024 [30, 411
Annealed at 575°F 
i 
-200 -100 0 100 200 300 400 500 
Temperature, O F  
Figure B-3. Variation of Thermal Conductivity wich Temperature 
for Aluminum, Stainless Steel, Brass, and 
Magnesium 
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Coefficient - of Thermal Expaision 
The coefficient of thermal expansion was :sed in the formulation 
of the dimensionless parameters used ir. t h i s  invcstigstian. These 
coefficients were obtained from published data for aluminum 12, 3, 121, 
scainless steel [39, 791, brass [SI, and magnesium [25, 261. Since 
the values of these coefficients are not highly temperature dependent 
over the range of temperatures used in this investigation, constant 
values were selected as: 
aluminum 2024 - 0.0000122 inchlinch O F  
stainless steel 304 f3 = 0.F330095 inch/inch O F  
brass alloy 271 B = d.t,000118 inch/inch O F  
magnesium AZ31B 6 = 0.0000144 inch/inch OF 
Modulus - of Elasticity 
Knowledge of the moduliis of elasticity, like hardness, is not 
essential for determination of experimentai values of contact con- 
ductance; however, it is used in many empirica: analyses. hence, 
Tppropriate modulus values have been determined for materials used 
in this investi2ation and are presented as a function of temperature 
in Figure B-4. 
function of temperature, and this effect should p3t be neglected. 
The mdult i s  of elasticity of rr'tals is generally a 
rhe modulus of elasticity for brass alloy L. I  was determined through 
information provided by the Anaconda America1 Brass Cmpany [SI and 
Clausing [20]. Modulus data for aluminum 2024-T4 were cslcuiated 
from information given by the Aluminum Company of America [3], the 
Alcoa Handbook [ Z ] ,  and Birdsall [12]. Stainless steel Eodulus data 
5 -  
0 -  
-200 -100 0 1uo 290 300 400 500 
Temperatwe, O F  
Magnesium AZ31B [25, 261 
dB 
I I I I I I I 
Figure B-4. Variation of Modulus of Elasticity with Temperature 
for Aluminum, Stainless Steel, brass, and 
Magnesfm. 
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were taken from t h e  United S t a t e s  Steel Handbook [79] and Garofalo, e t  
a1 [39]. 
provided by t h e  Dow Chemical Company [26]. 
The curve f o r  magnesium AZ31B w a s  obtained from material 
Contact Conductance Data -
Thermal contac t  conductance was defined in Chapter I by the  
r e l a t ionsh ip  : 
h =_q/A 
AT 
where AT is t h e  temperature d i f f e rence  at t h e  contac t  3-nterface. The 
axial temperatures were p l o t t e d  versus  t h e  d i s t ance  from t h e  i n t e r f a c e ,  
and graphica l ly  extrapolated t o  t h e  i n t e r f a c e .  In addi t ion ,  a l i n e a r  
least squares f i t  of t h e  d a t a  w a s  made f o r  each test run t o  f ind  t h e  
temperatures a t  t h e  in t e r f ace .  
temperatures provided t h e  AT ac ross  t h e  contact .  
The d i f f e rence  between t h e  i n t e r f a c z  
The heat f l u x ,  q/A, 
i n  t h e  specimen w a s  found from t h e  ca lcu la ted  temperature g rad ien t s  
i n  t h e  specimen and t h e  thermal conduct ivi ty  (Figure %3), both of 
which were determined from t h e  temperatures measured along t h e  speci-  
men center- l ine.  As a check, t h e  heat  f l u x  was a l s o  determined by 
sub t r ac t ing  t h e  estimated heat  l o s s e s  from t h e  measured heat  input  
and w a s  then compared with t h e  heat  f l u x  ca lcu la ted  by use of t h e  
thermal conduct ivi tv  and temperature grad ien t .  
ence between these  heat  f l uxes  was approximately 10 percent.  
experimental z e s u l t s  of thermal contact  conductance obtained i n  t h i s  
i nves t iga t ion  a r e  l i s t e d  in Table B-2 through Table B-6. 
The avcrage d i f f e r -  
The 
The r e p e a t a b i l i t y  of t h e  experimental da t a  was checked by con- 
ducting a second series of runs f o r  t he  aluminum specimens a t  similar 
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test conditions. Before these check runs, the test specimens were 
separated and the system was shut down for several hours. 
experimental procedure was the same as that used for the initial 
tests. 
pressure were reproduced as closely as possible. 
repeatability tests are shown in Table B-2. Further substantiation 
of the repeatability of data using this apparatus has been given by 
Smuda, et a1 [69].  
The 
The energy input to the source heater and the contact 
The data for these 
An uncertainty analysis was performed to estimate the range of 
error in the heat flux and thermal contact conductance. Uncertainty 
for the heat flux was approximately 7 percent. Uncertainty for the 
thermal contact conductance data is given as a function of apparent 
pressure in Appendix C. 
APPENDIX C 
UNCERTAINTY ANALYSIS 
An experimental investigation is not zonlplete wlthout an estima- 
tion of the uncertainties in the measured quantities. The uncertainty 
in a particular result may be given as a percent of the calculated 
value, 
The de 
R, by the expansion [65] :  
- -  6 R  6x 2 6Y 2 Bz 2 112 
R - { ( T I  + ( T I  + (T) 1 
ta terms are the uncertainties associated with t,,eir respective 
measured quantities such as temperature or length. Thus, it was nec- 
essary to determine the uncertainty in esch of the variables measured 
in this investigation. 
The temperatures were measured with copper-constantan thermo- 
ccaples and a Leeds and Northrup 8686 millivolt potentiometer. 
half of the smallest scale division on the potentiometer was 2.5 
microvolts, which corresponds to O.l°F for the conditiLis used. 
result of a thermocouple calibration [69 ] ,  the thermocouples were 
found to be accurate to f 0.5'r over the temperature range used. 
Thus, the uncertainty in the temperature was estimated to be 0.5'F. 
The temperature gradient for determination of the heat flsx was 
One- 
As a 
found by taking the difference, AT, in the adjacent temperatures 
recorded along the specimen and dividing it by the distance, Ax, 
between the thermocouples u s e d  to measure the temperatures. According 
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to the estimated error in the temperatures, AT could deviate by as 
much as 1'F. Several of the runa were plotted on an expanded scale 
of temperature versus distance along the specimen. Analysis of the 
temperature gradients indicated that the temperature differences 
were seldom in error by more than 0.S0F. 
Thermocouples were mounted in holes 0.047 inches .In diameter 
placed 0.500 inches apart. 
to be within +0.001 inches; however, differences of kO.01 inches 
The lo, .tion of the holes was specified 
occurred. Thus, the uncertainty in Ax was selected as 0.01 inches. 
The thermal conductivity, k, was obtained from a graph of 
thermal conductivity versus temperature where the smallest scale div- 
ision of k was 0.5 Btu/hr sq ft O F  (Figure B-3). 
plotted from the values of thermal conductivity given in the refer- 
ence material cited.in Appendix B. 
graphical interpolation and the experimental uncertainty in k, the 
The gra,rh was 
Considering the effects of 
uncertainty associated with thermal conductivity for all materials 
was estimated to be 5 percent for the range of temperatures used, 
The heat transfer rate was defined as: 
AT 
Q - A k  - Ax 
and the uncertainty in the heat transfer rate was determined as 
follows : 
Results of this expression varied from 2.1 to 6.4 percent for the 
range of heat transfer rates used in this investigation. 
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The temperature d i f f e rence ,  AT i n  t h e  thermal conductance 3 '  
equation was determined graphica l ly  as described i n  Appendix B. Two 
graphs, rep-esenta t ive  of t he  da t a ,  were p l o t t e d  on an expanded scale 
where tile smallest scale d i v i s i o n  f o r  temperature was 0.5'F. 
O.S°F above and below each d a t a  point  were included to  r e f l e c t  t h e  
probable error i n  the  temperature measurements. The v a r i a t i o n s  i n  
Poin ts  
thermocouple loca t ion  were included t o  r e f l e c t  e r r o r  i n  loca t ion .  A 
l i n e  of max imum and a l i n e  of minimum f e a s i b l e  s lope  were then drawn 
through each of t h e  two a r r a y s  of points .  These four  l i n e s  were 
extrapolated t o  t h e  i n t e r f a c e  t o  e s t a b l i s h  t h e  max imum and minimum 
probable temperatures f o r  each s i d e  of t h e  in t e r f ace .  
temperature d i f fe rence ,  ATTmax9 was es tab l i shed  by taking t h e  average 
of t h e  d i f f e rence  between t h e  minimum upper and lower i n t e r f a c e  sur- 
f a c e  d i f fe rence ;  ATmin was determined i n  a similar manner using t h e  
m a x i m u m  upper and lower i n t e r f a c e  su r face  temperatures. 
The maximum 
The contact  conductance f o r  each maximum and minimum junc t ion  
temperature d i f f e rence  was ca lcu la ted  using t h e  average heat  f lux .  
The uncer ta in ty  i n  the  contac t  conductance w a s  then determined as 
t h e  magnitude of t h e  dev ia t ion  from t h e  mean va lue  presented i r  
Tables B-2 through B-6. The uncer ta in ty  may be found f o r  t he  dc 
by loca t ing  t h e  junc t ion  temperature d i f f e rence  f o r  a given apparent 
pressure in  Figure (2-1, and reading t h e  magnitude devia t ion  in 
Figure C-2. 
The uncer ta in ty  i n  t h e  apparent i n t e r f a c e  pressure  is determined 
from t h e  expreesion: 
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The uncertainty in the load is five pounds, and the uncertainty in  
the area results from a 0.001-inch uncertainty in the specimen 
diameter. 
for the range of loads wed in this investigation. 
Results of this expreesion vary from 0.7 to 4.8 percent 
